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The intra-molecular electron transfer steps in three multi-centred oxidoreductases 
were studied by redox potentiometry and protein film voltammetry. 
Cytochrome cd1 is a disimmilatory nitrite reductase that achieves the reduction of 
nitrite to nitric oxide. Reduction of the enzyme from Thiosphaera pantotropha is 
associated with a conformational change (Williams et al., 1997) and hysteresis is 
observed in the potentiometric titration at room temperature (Kobayashi et al., 1997). 
The potentials in the oxidative and reductive directions are separated by 150 mV at 20 °C 
but AE decreases at high temperatures. The increased reversibility at higher temperatures 
is also shown by a rise in the n-value and the appropriate spectral response when the 
potential is perturbed in both the oxidative and reductive directions. At the highest 
temperatures, when equilibrium conditions are reached, the interconversion of the 
completely oxidised and completely reduced states is characterised by a potential of 
140 mV and an n-value of 2. At 20 °C the electron transfer is conformationally gated 
such that a proposed square scheme is essentially a one-way system. As the temperature 
is raised, the rate of the conformational change increases and the interconversion 
approaches reversibility within the measurement time. 
Flavocytochrome P-450 BM3 is a fatty-acid monooxygenase from Bacillus 
megaterium. The complete redox characterisation of the enzyme has been achieved by 
potentiometric titrations on the intact holoenzyme and its component domains. The 
reduction potential of the haem is increased by more than 100 mV on fatty-acid substrate 
binding at the active site (E m -368 ± 6 mV, substrate-free, to Em -239 ± 6 mV, 
arachidonate-bound). The FMN to haem electron-transfer is under thermodynamic 
control, such that the futile cycling of electrons and hydrogen peroxide formation is 
prevented. The blue FAD semiquinone species is observed during the course of the 
reductive titrations of these enzymes (E 1 = -283 mV). The reduction potential of the 
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two-electron reduced FAD is considerably lower (E 2  = -354 mV) than both the FAD 
semiquinone and the physiological electron donor, NADPH, indicating that the 
thermodynamically unfavourable FAD hydroquinone does not accumulate under turnover 
conditions. However, the FMN hydroquinone (E 2  = - 182 mV) is thermodynamically more 
stable than the semiquinone (E 1 = -211 mV). 
Flavocytochrome c3 is a periplasmic fumarate reductase from Shewanella 
frigid/marina. The reduction potentials of the five redox centres, four c-type haems and 
non-covalently bound FAD, have been determined by a combination of redox 
potentiometly and protein film voltammetry. The preparation of monolayer 
flavocytochrome c3 films at edge-plane graphite electrodes has been optimised. The 
intrinsic properties of the enzyme are unperturbed by the immobilisation process; the 
measured values of the catalytic efficiency of flimarate reductase activity 
(kcat/Km = 1.6 x 107 I'f 1 s4) the pH-dependence of the fumarate reductase activity 
(pKa = 7.52), and the four haem reduction potentials (-102 mV, -146 mV, -196 mV and 
-238 mV vs. SHE at pH 7, 24 °C) of the enzyme film compare well with those 
determined in solution (Turner et al., 1999). In the absence of fumarate, the adsorbed 
enzyme displays a complex envelope of reversible redox signals that can be deconvoluted, 
by two models, to yield the contribution from each of the five redox centres. This 
envelope is dominated by the two-electron signal due to FAD (E =-152 mV vs SHE at 
pH 7, 24 °C) which enables quantitative examination of this centre, the visible spectrum 
of which is otherwise masked by the intense absorption bands due to the haems. The 
FAD behaves as a cooperative two-electron centre with a pH-dependent reduction 
potential that is modulated by ionisation of a nearby residue (pKox of 6.5 ±0.1). That is 
the haem-to-flavin electron transfer is coupled to proton transfer. The pH-dependence of 
the FAD reduction potential is little altered in the two single mutants (H365A, D1195A) 
and the double mutant (H365A/D195A); the thermodynamics of the electron transfer 
pathway are unaffected by these active-site residues. 
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List of abbreviations 
Amino acids 
Alanine Ala A 
Argimne Arg R 
Asparagine Asn N 
Aspartic acid Asp D 
Cysteine Cys C 
Giutamic acid Glu E 
Giutamine Gin Q 
Glycine Gly G 
Histidine His H 
Isoleucine Tie I 
Leucine Leu L 
Lysine Lys K 
Methionine Met M 
Phenylalanine Phe F 
Proline Pro P 
Serine Ser S 
Threonine Thr T 
Tryptophan Trp W 
Tyrosine Tyr Y 
Valine Vat V 
Mutations 
Amino acid mutations are represented as code number -p code where the first code and 
number represents the original residue and its position on the poiypeptide chain, and the 
second code represents the correspoding residue in the mutant enzyme. For example the 
mutation of a histidine, residue number 365, to an alanine is represented by His365—*Aia 




ATP Adenosine triphosphate 
B. megaterium Bacillus megaterium 
B. subtillis Bacillus subtillis 
BM3 Flavocytochrome P-450 BM3 
BMR Reductase domain of flavocytochrome P-450 BM3 
CAPS 3 -[Cyclohexylamino]- 1 -propanesulfonic acid 
cd1 Cytochrome cd1 
CFSE Crystal field stabilisation energy 
CHES 2- [N-Cyclohexylamino] ethane sulfonic acid 
CP-450R Microsomal cytochrome P-450 reductase 
CT Charge transfer band 
multispirans Desulfovibrio multispirans 
DAD 2,3 ,5,6-tetramethyl-p-phenylenediamine 
DMK Demethylmenaquinone 
DNA Deoxyribonucleic acid 
coli Escherichia coli 
EDTA 	 Ethylenediaminetetraacetic acid 
EPR 	 Electron paramagnetic resonance spectroscopy 
oxysporum 	Fusarium oxysporum 
FAD 	 Flavin adenine dinucleotide 
fcc3 	 Flavocytochrome c3 
FMN 	 Flavin mononucleotide 
FRD 	 (E. coli.) fumarate reductase 
AG 	 Free energy change 
HEPES 	 N-(2-hydroxyethyl)piperazine-N'-2-ethanesulfonic acid 
HNQ 	 2-hydroxy- 1 ,4-napthoquinone 
vi" 
HOMO Highest occupied molecular orbital 
IPTG Isopropyl f3-D-thiogalactopyranoside 
L.B.Amp Luna broth (50 mg r' Ampicillin) 
LUMO Lowest unoccupied molecular orbital 
MCD Magnetic circular dichroism 
MES 2-[N-Morpholino]ethanesulfonic acid 
MK Menaquinone 
N. crassa Neurospora crassa 
NaCl Sodium chloride 
NAD(H) - Nicotinamide adenine dinucleotide (reduced form) 
NADP(H) - Nicotinamide adenine dinucleotide phosphate (reduced form) 
NaOH Sodium hydroxide 
NMR Nuclear magnetic resonance 
NO Nitric oxide 
O.D. Optical density 
Ox Oxidised species 
P-450 Cytochrome P-450 
P. putida Pseudomonas putida 
PES Phenazine ethosulfate 
PFV Protein film voltammetry 
PGE Pyrolytic graphite cleaved in the edge plane 
PIPES 1 ,4-piperazinediethanesulfonic acid 
PMS Phenazine methosulfate 
Q 	 Ubiquinone 
RDE Rotating-disk electrode 
Red 	 Reduced species 
RQ 	 Rhodoquinone 
S. cerevisiae 	Saccharomyces cerevisiae 
Ix 
S. frigidimarina 	Shewanellafrigidimarina 
SCE Standard calomel electrode 
SHE Standard hydrogen electrode 
TCA Tricarboxylic acid e.g. the TCA cycle 
TEMED N,N,N',N'-Tetramethylene diamine 
TMAO Trimethylamine-N-oxide 
Trizma Tris [hydroxymethyl]aminomethanehydrochloride 
UV Ultra-violet 
Vis Visible 
W. succinogenes Wolinella succinogenes 
WT Wild type 
List of parameters 
Electron transfer theory 
13 Rate of decay of electronic coupling over distance 
Reorganisation energy 
d Distance between redox centres 
d0 Zero distance, when redox centres are in Van der Waals contact 
AE Difference in the reduction potentials of the reactants 
F Faraday constant, 9.649 x 10 4 C moY 1 
AG Energy difference between reactants and products 
AG* Activation energy 
HAB Electronic coupling strength 
k' Observed rate 
k'0 Maximum rate with zero activation energy 
R Gas constant, 8.314 J moF K' 
x 
Redox potentiometry 
(All potentials measured in mV vs. SHE unless otherwise stated) 
F, 	 Extinction coefficient for the UV-Vis absorbance of a redox centre 
E 	 Applied potential 
E° 	Reduction potential under standard conditions (pH 0, 25 °C) 
E' 	Reduction potential under non-standard conditions (pH 7, 25 °C) 
E'.x  Potential measured in the oxidative titration of the cytochrome cd1 
E'red Potential measured in the reductive titration of the cytochrome cd1 
E'av Average of the potentials, E'd and E'0, measured in the 
cytochrome cd1 titration 
E' 1 	Potential for the oxidised / semiquinone couple of a flavin 
E'2 	Potential for the semiquinone / reduced couple of a flavin 
E' 12 Potential for the two-electron reduction of a flavin 
E' 	Four potentials (i = 1 to 4) that characterise the reduction of the 
tetra-haem moiety of flavocytochrome c3 
/SEav 	 Separation of the potentials, E'0 - E'd, measured in the cytochrome cd1 
titration 
AEf 	Separation of the potentials, E' 2 - E' 1 , for the reduction of a flavin 
F 	 Faraday constant, 9.649 x 104 C mol' 
n 	 Number of electrons transferred in the redox reaction 
nox 	Number of electrons transferred in the oxidation of cytochrome cd1 
nred 	Number of electrons transferred in the reduction of cytochrome cd1 
nay 	Average of n j and n0, measured in the cytochrome cd1 titration 
R 	Gas constant, 8.314 J mol' K' 
xi 
Protein film voltammetry 
(All potentials measured in mV vs. SHE unless otherwise stated) 
F Coverage 
0) Electrode rotation rate 
6 Half-height peak width 
V Kinematic viscosity of a solution 
U Potential scan rate 
cx Transfer coefficient 
A Electrode area, 0.0314 cm 2 
C Bulk concentration of the substrate 
D Diffusion coefficient 
E 0 Initial potential in cyclic voltammetry sweep 
E Applied potential 
E° Reduction potential of the system under standard conditions (pH 0, 25 °C) 
E0 12 	Potential for the two-electron reduction of a flavin at pH 0, 25 °C 
E' Reduction potential of the system under non-standard, but specified, 
conditions (typically pH 7, 25 °C) 
Ex12 	Potential for the two-electron reduction of a flavin where x is the 
pH value (see Appendix 7.1) 
E Potential at the peak maximum (anodic or cathodic, Epa or 
respectively) 
AE Potential separation between the cathodic and anodic peaks, Epa - 
F Faraday constant, 9.649 x 104  C mof' 
Faradaic current made up of three components: 
icat 	Enzyme turnover 
iE 	Interfacial electron transfer 
i Mass transport of the substrate 
lLim Mass-transport limited current 
xl' 
max Maximum value of cat 
kads Adsorption rate of freely-diffusing enzyme at an electrode 
kd. Desorption rate of freely-diffusing enzyme at an electrode 
kE First-order electrochemical rate constant under the experimental 
conditions 
k5 Standard first-order rate constant for electron exchange 
Km Michaelis-Menten constant for catalysis (see Appendix 7.3) 
Stoichiometric number of electrons transfered in the redox reaction 
flapp Apparent number of electrons from the peak width at half height 
P1<box  pH at which a site is half-protonated in the oxidised enzyme 
PKred pH at which a site is half-protonated in the reduced enzyme 
R Gas constant, 8.314 J mol' K' 
s segment number 
Kinetic 
Km 	Michaelis-Menten constant for catalysis (see Appendix 7.3) 
kcai 	 Rate constant at saturating substrate concentrations 
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MATRIX 
I Introduction 
1.1 Redox enzymes 
Electron-transfer reactions are central to energy transduction in biology 
e.g. photosynthesis and respiration. Photosynthesis is an endothermic process that 
converts light energy into chemical energy via an electron-transport chain involving 
single-electron transfer chemistry. The process provides a plant with both carbon for 
carbohydrate synthesis and NADH and ATP. Electron-transport chains are also employed 
in mitochondria to tightly couple substrate oxidation to ATP generation. The principles 
that govern both of these types of electron-transport chain are illustrated and discussed 
below in terms of the mitochondrial respiratory chain, Figure 1.1. 
+ IINTERMEMBRANE 
H 	SPACE 
Figure 1.1: The latter components of the respiratory chain in mitochondria. Electrons 
enter the respiratory chain from the reduced electron carrier, NADH, produced in the 
cytosol. The electrons are transported from the potential of NADH, -320 mV, to the mugh 
higher potential of 02, + 820 mV via a series of sequential intermolecular and intra-
molecular electron-transfer steps, as marked. Energy released in proton-coupled redox 
reactions at Complexes I, 1111, and IV, is used to generate a transmembrane 
electrochemical proton gradient. Protons flow back into the mitochondrial matrix through 
a specific channel in the outer subunit of ATP synthase (Complex V). The energy 
released in this process is used to drive ATP synthesis. Modified from Matthews & Van 
Holde (1990). 
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In both photosynthesis and respiration (whether it be aerobic or anaerobic) redox 
chemistry is achieved by redox proteins and redox enzymes. Redox proteins act as simple 
electron carriers. For example, in the respiratory chain above, cytochrome c is reduced by 
coenzymeQ-cytochrome c reductase (complex ifi) and then reoxidised by another 
inter-molecular electron-transfer step to cytochrome oxidase (complex M. Redox 
enzymes link their redox chemistry to catalytic function. Therefore this reduced 
cytochrome oxidase achieves the reduction of the terminal electron acceptor, oxygen. 
This enzyme also illustrates intra-molecular electron transfer since electron transfer 
occurs between redox sites contained within the enzyme. Not all redox enzymes are 
involved in respiration. They can carry out other functions that are important for the 
survival of the organism. For example, activation of molecular oxygen at the haem moiety 
in the cytochromes P-450 is important in many different ways e.g. the detoxification of 
foreign species, and the biosynthesis of important metabolites, see Chapter 4.1. 
In all these cases, electron transfer is regulated since the production of reduced 
electron-carriers (e.g. NADH, FADH2) and organic substrates for oxidation (e.g. lactate) 
is not without cost to the organism. Therefore the consumption of these compounds is 
tightly controlled, so that the large amount of energy released is not wasted. There are 
several ways that the rate of individual electron-transfer steps in redox enzymes (and 
proteins) can be controlled. Firstly, the rate of electron transfer is partially determined by 
thermodynamic factors such that the redox centres in a pathway are arranged so that each 
electron-transfer step is exergonic (i.e. the reduction potential of the acceptor is higher 
than the donor). The impact of thermodynamic factors is elegantly described by Marcus 
Theory as discussed in Section 1.2. Secondly, the structure and properties of the peptide 
environment, in which the redox centre is contained, are critical in preventing their 
otherwise indiscriminate redox chemistry. Inter-molecular electron transfer is clearly 
affected by the proximity of the protein redox partners, as the electron-transfer rate is- 
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dependent on the distance between the redox centres, and their "ability" to recognise one 
another e.g. surface electrostatics. These factors are exploited in the mitochondrial 
respiratory chain such that each component reacts with its intended redox partner only, 
ensuring the tight coupling of substrate oxidation to ATP generation. Intra-molecular 
electron-transfer steps may also be controlled by the protein environment. These control 
mechanisms for intra-molecular electron transfer are the main focus of this thesis and are 
initially introduced in Section 1.2.2. They include conformational changes of the protein 
that ensure the cooperativity of two redox centres as demonstrated for cytochrome cd1 
from T pantoiropha in Chapter 3. A conformational change might also affect the 
electron-transfer rate by modifying the potentials of one or more of the redox centres. A 
classic example is the thermodynamic switch that operates in flavocytochrome 
P-450 BM3, see Chapter 4. Redox reactions that involve the simultaneous transfer of 
both electrons and protons may also be controlled by the protonation status of specific 
amino acid residues. This principle is clearly shown for the fumarate reductase, 
fiavocytochrome c3 from Shewanellafrigidimarina, see Chapter 5. 
1.1.1 Haem 
The haem prosthetic group incorporates iron in a tetrapyrrole ring, protoporphyrin IX, 
Figure 1.2. This tetradentate ligand is one of a large class of porphyrins, also containing 
chlorophylls, that are characterised by strong colouring due to the highly conjugated ring 
system. All tetrapyrroles are synthesised from a common precursor, ö-aminolvulinic acid, 
derived from glycine and succinate in animal tissue, and glutamate and sucicnate in plants. 
The biosynthetic pathway to the porphyrins is well understood in these systems, unlike 
bacteria, and starts with the formation of monopyrroles from the acid precursor, followed 
by their reaction to produce partially-reduced tetrapyrroles. At this stage several different 
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Figure 1.2: Four haems commonly found in biology. 
The haem moiety shows great versatility and is used in biology to carry out several 
important functions (Chapman et al., 1997). The low oxidation state of the ferrous iron, 
Fe2 , gives it a strong tendency to bind oxygen and therefore haem is found in the oxygen 
storage and transport proteins, myoglobin and hemoglobin. In multi-centred redox 
enzymes, haem can be employed as a catalytic centre e.g. monooxygenase activity of 
cytochromes P-450, and nitrite reductase activity of cytochrome cd1 , and as a mediating 
electron-transfer centre e.g. flavocytochrome c3 . The interconversion of the ferrous Fe 2 
and ferric Fe 31  oxidation states makes the haem a one-electron centre, as opposed to the 
wider range of oxidation states and reduction potentials obtained by the incorporation of 
multiple irons into iron-sulfur clusters (Armstrong etal., 1988; Butt etal., 1991a). 
The three redox enzymes covered in this thesis include an example of the b-type haem 
in flavocytochrome P-450 BM3, the c-type haem in flavocytochrome c3 and the more 
unusual di-type haem in cytochrome cd1 . The nature of the porpyhrin ring is just one way 
that the properties of the haem redox centre can be altered. The axial ligands will also 
affect the relative energies of the d-orbitals of the iron and therefore alter the properties 
of the redox centre. 
The ground electronic state of a haem group describes the relative energies of the 
d-orbital of the metal. Energy differences in the highest occupied molecular orbital, 
HOMO, and the lowest unoccupied molecular orbital, LUMO, will have a bearing on the 
reduction potential and the spin state of the iron. The electronic states can be 
distinguished by spectrophotometry through the different energies associated with 
electronic transitions. Crystal Field Theory has provided elegant explanations of the 
properties of transition metal ions in terms of the ligand field they experience. The ligand-
field splitting is concerned with both the electronegativity and arrangement of the ligands. 
In free haem complexes the electronic ground state depends on the arrangement and 
electronegativity of the ligands, represented in the Irving-Williams series, as well as the 
type of haem, Figure 1.2. Additional steric constraints due to the peptide environment 
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(e.g. haem ruffling and distortion of the axial ligands) can cause further perturbations in 
the ligand arrangement around the iron and therefore affect its properties. The impact of 
haem type, the spin state and the oxidation state on the properties of haem iron will be 
considered in turn. 
Haem type 
Normally low-spin ferric haem has a ground state, (d) 2(d, d)3, that gives the 
classic red colour of haem proteins. However an unusual electronic ground state, 
(d,,, d)4(d,,)', can be found in certain cases, and is responsible for the green colour of 
the d1-haem chromophore. Let us consider the origins of these two ground states and the 
implications for the spectral, spin state and redox properties of the haems. Low spin ferric 
haem iron has a d 5 ground state. An octahedral ligand field will split the d-orbitals into e g 
and t2g subsets, Figure 1.3. The axial ligands also cause further splitting of the t2g set 
through tetragonal and rhombic distortions. Normally, in the red-coloured ground state, 
the degenerate d, and dy, orbitals are the higher energy t2g orbitals in which the unpaired 
electron is delocalised (d,)2(d,, d)3 . In certain circumstances the d and d orbitals are 
stabilised with respect to the d, orbital resulting in the unusual (d,, d) 4(d,)' ground 
state. The green-coloured ground state, generated by a strong axial ligand field relative to 
the in-plane field of the porphyrin ring, is achieved in two ways. The original 
identification of the green-coloured ground state involved low-spin 
tetramesitylporhyrinates where a powerful axial field arose from ligation to the very 
strong 7r—acceptor cyanide ligand (Cheeseman and Walker, 1996). The thiolate side chain 
of cysteine might also strengthen the axial field but the d 1-haem found in cytochromes cd1 
is attributed to weakening of the in-plane field relative to the axial field (Cheeseman et 
al., 1997). This is associated with altered orbital interactions in the equatorial field 
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Figure 1.3 Energy level schems for iron d-orbitals in low-spin ferric haems. 
A) Octahedral ligand field splitting, B) red-coloured (d) 2(d,,dJ3 ground state, and 
C) green-coloured (d,dJ 4(d,,) 1 ground state. Modified from Cheeseman et al., 
1997. 
The d1 -haem iron is a stronger ic-donor and a weaker it-acceptor than the (d,, d,) 3 
haem iron, since the unpaired electron is in an orbital that lies in the plane of the 
porphyrin ring, and therefore cannot 7E-bond with axial ligands such as 02 and NO. It has 
been postulated that this weaker binding of NO to the d 1 -haem (Few) assists the 
dissociation of NO at the end of the catalytic cycle of cytochrome cd1 (Cheeseman el al., 
1997), see Section 3.1. The different location of the unpaired spin distribution also gives 
unusual EPR spectra and near infra-red CT bands (Cheeseman and Walker, 1996) and 
allows the diagnosis of the green-coloured ground state, Table 1.1. 
Firstly, EPR detects the transition of the unpaired electron between the two different 
spin states induced by a magnetic field. In the red-coloured ground state the unpaired 
electron is delocalised between two orbitals that extend above and below the macrocycle 
plane. A high gmax  spectra results in which only the gz  signal is observed. However, in the 
reen-coloured ground state the unpaired electron is largely in the d,, orbital that is 
located in the plane of the macrocycle. The electron has a reduced orbital moment 
resulting in a rhombic trio spectrum with an unusually low g-value. Secondly, differences 
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in the intensity of the near-infra-red charge transfer band may be detected in the MCD 
spectra of the two haem-types. This NTR-CT band corresponds to the transition of an 
electron from the -orbital (a id, a2) of the porphyrin to a hole in the d-orbital of the 
ferric iron. The intensity of this band is much weaker when the transition is formally 
forbidden, as in the case of the d 1 -haem where the hole is localised in the plane of the 
macrocycle and hence the light is linearly polarised. 
Table 1.1 The spectral characteristics of the red-coloured and green-coloured ground states of 
low spin ferric haems. 
Property Red-coloured 	ground Green-coloured 	ground 
state state 
Flavocytochrome c3 Cytochrome cd1 
(S. frigidimarina) (T pantotropha) 
Orbitals with unpaired spin (dd)3 
density 
Location of orbitals Above and below the plane In the plane of the ring 
of the ring 
Symmetry of planes High Low 
EPR High gmax Rhombic trio (g, = -2.52, gy 
g only = 2.19, gz 	-1.84) 
Unusually 	low 	g-value 
anisotropy 
MCD High intensity Weak intensity 
= 130 -600 M' cm 1  AF, :!~ 60 M' cm- 1 
Spin state 
The discussion thus far has focussed on the low-spin ferric haem in an octahedral 
ligand field. However the high-spin state is also possible for ferric haem iron; where the 
five d-orbitals are occupied singly, Figure 1.4. The spin state of the metal can be 
determined by the position of the Soret band in the UV-visible spectrum, since the energy 
of the d - d tranisition is spin-state dependent. In the resting state of all three redox 
enzymes studied in this thesis the ferric haem iron exists in the low-spin state. However, 
under certain conditions the equilibrium can be shifted to the high-spin state form. Clearly 
the spin-state equilibrium depends on the balance between the destabilsation due to 
location in the higher energy orbitals, A 0 for an octahedral field, and the destabilisation 
due to electron-electron repulsion, B, when two electrons occupy the same low-energy 
orbital. In some cases the two factors may be delicately balanced such that the 
equilibrium can be shifted to the high-spin state by altering the experimental conditions. 
Two examples are particularly pertinent to this thesis. Firstly, the spin-state equilibrium 
can sometimes be temperature dependent (due to the temperature dependence of the 
USE term). This is the case for cytochrome cd1 where a greater proportion of high-spin 
ferric haem iron is observed at the higher temperature (data not shown). Secondly, the 
conversion from the low-spin to the high-spin FeW  in flavocytochrome P-450 BM3 is 
induced by expulsion of water from the active site on fatty-acid substrate binding, Figure 
1.5. The consequences of this spin-state conversion on the reduction potential of the 
haem redox centre are the focus of Chapter 4. 
	













Fiyure 1.4: Arrangement of d-electrons in the low-spin and high spin states of ferric 
(dD) and ferrous (d 6) iron in an octahedral arrangement, according to Crystal Field 
theory. The interconversion of these states is indicated by redox equilibria, shown 
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Figure 1.5: Charactersitic positions of the Soret band in the isolated haem domain of 
flavocytochrome P-450 BM3: Oxidised (red), Oxidised + palmitate (black solid), 
Oxidised + arachidonate (green), and Reduced (black dashed); pH 7, 25 ± 2 °C. 
Oxidation stale 
On the reduction of ferric to ferrous iron an additional electron is incorporated into a 
d-orbital, Figure 14. Since this affects the energy associated with the d —* d transition, 
the oxidation state of the metal can often be determined by the position of the Soret band 
in the UV-visible spectrum. This is also an excellent way of monitoring the extent of 
reduction of the haem, enabling the determination of the reduction potential by a 
potentiometric titration, see Section 1.3.2. The reduction potential will depend on many 
factors including the spin-state of both the oxidised and reduced forms. The impact of the 
axial ligands on the reduction potential of haem iron has frequently been discussed in the 
literature (reviewed in Chapman el al., 1997; Wuttke & Gray, 1993). It is generally 
agreed that the increased methionine content of the axial ligation is associated with an 
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increase in the midpoint potential'. This is illustrated in Table 1.2 for a series of haem 
sulfuric anhydrides (Warme & Hager, 1970) and a point mutation in yeast mitochondnal 
cytochrome c (Feinberg etal., 1998). 
Table 1.2: Impact of axial ligation on the reduction potential of haem sulfuric anhydrides. 
Increasing potential with increasing methionine content. 
Axial Ligands E, mV 





Methionitie Methionine +20 
Yeast mitochondrial cyt. c (Feinberg etal., 1998) 
+47 
Methionine +247 
However there are many exceptions to this simple rule showing that several other 
factors can be involved (see Matthews, 1985, for a review). These might include the 
hydrophobicity of the haem pocket, and the (de)/stabilisation of one oxidation state by 
specific interaction with a nearby amino acid residue. 
Given that the nature of the axial ligands affects the reduction potential of the haem 
iron, the strength of ligand binding can be dependent on the oxidation state of the metal. 
This property, if utilised, can bring a catalytic advantage to an enzyme. Nitric oxide, the 
product of nitrite reduction by cytochrome Cc/i, is capable of tight binding to ferrous 
The increased stability of the ferrous iron with the methionine tigand is associated with the higher 
affinit of the soft sulfur atom compared to the harder nitrogen atom of the histidine 
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haem iron (Sharma et al., 1987).The exceptionally strong binding is attributed to the 
additional d-electron participating in backbonding to the it-acceptor ligands, Figure 1.6A. 
Ferric haem can also bind NO but in a different binding mode, Figure 1.6B. When the 
porphyrin ligand is considered to have a net -2 charge, ferric haem has a net +1 charge 
and can undergo reversible binding with anionic ligands. The odd number of electrons in 
nitric oxide (n=1 1) makes it polar enough to be a decent ligand for ferric haem iron. 
Fla LI] p,J 
Figure 1.6: The two bindng modes of NO to a metal. In both cases one-electron is 
involved in a-bonding to the metal and two electrons are involved in it-bonding with the 
oxygen 2p-orbital. A) Linear binding mode, preferred by ferrous haem iron, where NO 
is a three-electron donor to the metal, NO. The lone pair is located in a p-orbital of the 
nitrogen such that it-bonding to the metal d-orbital occurs. B Bent binding mode 
where NO is a one-electron donor, N0. The lone pair is in a sp hybrid orbital and is 
therefore not available for it-bonding to the metal. 
Efficient catalysis of nitrite reduction requires that the NO product rapidly dissociates 
from the enzyme. Clearly the enzyme must prevent the essentially irreversible binding of 
NO to the ferrous iron since this species would be a dead-end complex. It has been 
proposed that both the assistance of a nearby amino acid residue and the d1-nature of the 
haem promote NO dissociation (Baker et al., 1995; Cheeseman et al., 1997). It is here 
proposed that an alternative regulatory mechanism is the gating of electron transfer so 
that reduction of ferric d1-haem is prevented before NO dissociation. The latter 
hypothesis, based on cooperative reduction of the c- and d1-haems, is tested in Chapter 3. 
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1.1.2 Flavin 
Flavin adenine dinucleotide, FAD, and flavin mononucleotide, FMN, are two coenzymes 
derived from vitamin B2, or riboflavin. FAD is an adenylated derivative of the simpler 
RvIN molecule, Figure 1.7. 
NH2 
FMN 	 U OH OH 
OHOHOH 	0 	0 
______________________________ II II 
H2C 	 C-0-P-0-P-0-CH 2 
H2 
I-I H H 	 OH 	OH 
H3 	 N 
' H3C 	 Nj1' NH 
Riboflavin 	I 
FAD 
Figure 1.7: Structure of the oxidised form of flavin adenine dinucleotide, FAD, a 
phosphorylated form of flavin mononucleotide, FMN. Both FAD and FMN are derived 
from riboflavin, as marked. 
The flavin coenzymes are incorporated into apoproteins to enable an enzyme to carr) 
out two- and one-electron transfers. The free cofactors, FMN and FAD, share the same 
midpoint potential for two-electron reduction, E'. 12 = -207 mV (Massey, 1990), and 
hence they undergo virtually identical electron-transfer reactions. The use of one or the 
other coenzyme in flavoproteins is largely a matter of the structure of the coenzyme 
binding site of the apoprotein. Typically the flavin is non-covalently bound, albeit tightly, 
such that the cofactor can be reversibly dissociated from the enzyme. In some cases the 
binding is covalent e.g. E. co/i fumarate reductase and succinate dehydrogenase (Weiner 
& Dickie, 1979; Walker & Singer, 1970). 
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The riboflavin-derived isoalloxazine ring system can exist in three oxidation states: the 
fully oxidised quinone state, the one-electron reduced semiquinone state and the fully 
reduced hydroquinone state, Figure 1.8. 
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Figure 1.8: The structures of the flavin in its fully oxidised quinone state, one-electron 
reduced semiquinone state and fully reduced hydroquinone state. In each of these three 
oxidation states, protonation equilibria operate as shown, resulting in nine possible states of 
the Ilavin moiety. (modified from Heering, 1995). 
The extent of reduction of a flavin can, in most cases 2, be monitored by UV-visible 
spectrophotometry since the quinone (yellow), semiquinone (red/blue) and hydroquinone 
(colourless) forms have distinctive spectra. In the same way as nicotinamide cofactors, 
two-electron reduction can occur. However some flavins are also capable of interacting 
with one-electron donors since they have a stable one-electron reduced species, making 
them more versatile redox centres than the nicotinamide cofactors. The stabilty of the 
one-electron reduced species, and hence the ability of the flavin to interact with 
2 The UV-visible signal flavin is relatively weak, and can sometimes be obscured by more 
strongly absorbing chromophores. This is often true for flavocytochromes, Section 1.3.2. 
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one-electron donors, depends on the relative potentials of the one-electron steps; E' 1 is 
the reduction potential for the oxidised/semiquinone couple and E' 2 is the potential for 
the semiquinone/reduced couple. Flavocytochrome P450 BM3 is an enzyme that 
contains two flavin moieties only one of which has a stabilised semiquinone, Chapter 4. 
Flavodoxins (e.g. E. coli flavodoxin, MIver et al., 1998 ), and a number of other 
flavoproteins (e.g. dehydrogenases) have a stabilised semiquinone species. Here the 
potential of the oxidised/semiquinone couple is significantly more positive than the 
semiquinonefreduced species. Under these conditions the flavin can be filly reduced by a 
two-electron donor and then the electrons released in two one-electron steps. However 
free flavin, and a number of other flavoproteins (especially hydroxylases), act 
predominantly as two-electron centres (e.g. E. coli NADPH oxidase). This redox 
behaviour is associated with a semiquinone/reduced couple that has a less negative 
reduction potential than that of the oxidised/semiquinone couple. Since E'2>  E' i the two 
processes appear to happen simultaneously. The two-electron reduction can be 
characterised by the reduction potential E' 12 and the separation of the potentials, E 2 - E' 1 , 
is defined as AEf. 
In each of the redox states, the ring system can be anionic, neutral or cationic, 
depending on the pH, Figure 1.8. For example, there are anionic and neutral semiquinone 
intermediates, depending on the protonation status of N-5 (red- and blue-coloured, 
respectively). Clearly, the relative stabilities of the different oxidised states are altered by 
the protonation of the N-5 and N-i sites and hence the flavin reduction potential should 
show a pH-dependence. When the flavin is bound in a protein its reduction potential may 
also be influenced by the protonation of specific amino acid residues nearby. Typically, 
the two-electron reduction of a flavm is accompanied by the transfer of two protons 3 and 
results in a shift of the reduction potential of- 60 mV per pH unit. The pH-dependence of 
The reduction of flavin quinone to flavin hydroquinone may also be considered as the transfer 
of one hydride ion and one proton 
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the fiavin potential differs when the isoalloxazine ring is influenced by another 
protonation site. This may be on the flavin moiety itself at extreme pH's, or on a nearby 
amino acid residue. A good example of the influence of the protonation status of an 
active-site residue on the reduction potential of a flavin is fiavocytochrome c3 , discussed 
in Chapter 5. 
Consider the general case for a flavin that is sensitive to two protonation sites. Each 
site (1 and 2) has two protonation equilibria represented by pK ox (-logioK0 ) when the 
fiavin is oxidised) and pKd (when the flavin is reduced). Throughout the pH range fiavin 
reduction always involves the transfer of two electrons. However, as Figure 1.9 
illustrates, the number of protons that are transferred depends on the pH due to the 
protonation status of these two sites. Three types of pH-dependence of the potential are 
illustrated and correspond to the number of protons that are transferred along with the 
two electrons. When no proton transfer accompanies reduction, either OxH 2 —> RedH2 or 
Ox -* Red, the potential is independent of the pH. However if protonation of one site 
accompanies reduction, either OxH -+ RedH 2 or Ox —* RedH, then a - 30 mV/pH slope 
is observed. If a two proton transfer step accompanies the reduction i.e. Ox —p RedH 2 
then a -60 mV/pH slope is observed 4. The flavin reduction potential at different pH values 
is represented by E' 12 where x is the value of the pH. The dependence of E' 12 on the pF 
can be represented by equation 1. 1, derived in Appendix 7. 1, which may therefore be 
used to estimate the value of P&x  and pK 1 of both protonation sites. In the case when 
only one protonation equilibrium, for both the oxidised and reduced forms of the fiavin, is 
operational in the pH range being studied, i.e. pK <<pH and pK2>> pH, equation 
1.1 can be simplified to equation 1.2. 
" Note that when looking at the two-electron flavin reduction, as in cyclic voltammetry 
experiments, the semiquinone pK's are invisible. 
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Figure 1.9:- The pH-dependence of two-electron reduction, quinone (Ox) to 
hydroquinone (Red), for a protein-bound flavin that is sensitive to two protonation sites. 
Three types of midpoint potential/pH shift are illustrated, the pK values are 
hypothetical, a) pH independence - when pK < pK 01 , b) 30 mV/pH unit dependence 
when one proton is transferred during the redox step - pK 0i < pH < pK and 
pK1 1 < pH < pK2, and C) 60 mV/pH unit dependence when a two proton transfer 
accompanies the electron transfer step - pK ox2 < pH <pK redi 
	
0.06 	([H]2 + Kred2[H ] + Kred2Kredl 
12 L 12 + 	log [HI2 + K )1 2[H I + 
 
where [H] is 10 H: Kox and Kr ed are the equilibrium constants for the (de)protonation of each 
site and E° is the hypothetical reduction potential at pH = 0 (Clark, 1960). 
0.06 	11+[HI/Kre d 
E , = I 	+ 	log (1.2) 1.. 
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This sort of analysis of the pH-dependence of the flavin reduction potential data can 
help to identify the amino-acid residue responsible, since some residues have 
characteristic values for their protonation equilibria. Careful consideration of the active 
site, if known, can then identify possiblities for the specific amino acid residue involved. 
The testing of site-directed mutants can identify which single mutation, or combination of 
mutations, causes a significant perturbation in the pH-dependence of the flavin reduction 
potential. 
1.1.3 Multi-centred redox enzymes 
As their name implies, multi-centred redox enzymes incorporate more than one redox 
centre to achieve their physiological function. For example, in cytochrome cd1 there are 
two haem moieties. Nitrite reduction occurs at the d1 -haem active site and the required 
electron is supplied by an intra-molecular transfer step from the c-haem (Parr et al., 1977; 
Silvestrini et al., 1990; Williams et al., 1997). The question arises "Why is the active-site 
haem not reduced directly?". As we shall see in Chapter 3, the reduction of the d1-haem 
must be tightly regulated to prevent the irreversible formation of the ferrous-NO 
complex. This may be a classic example of the combination of two redox centres to allow 
tight regulation of electron-transfer steps resulting in a catalytic advantage. 
Flavocytochromes also combine redox centres, at least one flavin and one haem 
moiety. We know that a haem iron is a one-electron centre and cannot therefore be 
reduced directly by an obligatory two-electron donors such as the nicotinamides 5 . 
Therefore we see the need for NAD(P)H -cytochrome P-450-oxidoreductases that reduce 
the ferric haem iron and enable molecular oxygen activation. In fiavocytochrome P-450 
BM3 the diflavin reductase, typical for class II P-450's, is linked to the cytochrome by a 
short length of polypeptide. The combination of the three redox centres in the enzyme 
allows both the indirect reduction of a one-electron centre by an obligatory two-electron 
A notable exception is the cytochrome P450 nitric oxide reductase, P-450nor, where electrons are 
directly transferred from NADH to the ferric haem iron. (Shiro et al., 1995). 
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donor, and the opportunity for regulation of the enzyme activity by thermodynamic 
control of the intra-molecular FMN-to-haem electron-transfer step, Chapter 4. 
Can a similar explanation be found for the introduction of haem(s) in a 
flavocytochrome where the flavin moiety is the active site? It has been noted that a flavin, 
with the required poising of E' 1 and 02 , has a stable semiquinone species and can 
therefore react with both one-electron and two-electron redox-active molecules directly. 
Why therefore is the one-electron haem redox centre required in these enzymes?. The 
crystal structure of flavocytochrome c3 reveals an electron-transfer pathway from four 
partially-exposed haem moieties to the buried flavin active site (Taylor et al., 1999). In 
this case the ftimarate reductase activity of the wild-type enzyme shows a pH-dependence 
that is consistent with haem-to-flavin electron transfer being the rate-determining step 
(Turner et al., 1999). The investigation of the thermodynamics of this electron-transfer 
pathway is the focus of Chapter 5. 
1.2 Biological electron transfer 
Moser et al. (1995) described three different classes of electron transfer reactions in 
oxidoreductases. Examples of each class are found in flavocytochrome b2, a lactate 
dehydrogenase in the short respiratory chain of yeast mitochondria, Figure 1.10. 
Electron pair exchange 
The first class of electron transfer consists of the removal (or insertion) of two 
electrons in a highly cooperative manner. This exchange of electron pairs can sometimes 
be in the form of a hydride ion and can occur over distances of 3 to 6 A. For example, in 
flavocytochrome b2 hydride is transferred from lactate to flavin. 
Transduction 
The second group involves a transducing redox centre that can accept multiple 
electrons and convert them into a currency of single electron transfers; hydrogen atoms 
and protons might also be involved. Flavin is such a redox centre that can achieve the 
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direct coupling of two-electron to one-electron redox processes through use of its stable 
one-electron reduced semiquinone state. So in flavocytochrome b2, following cooperative 
reduction by lactate, flavin is reoxidised in two one-electron transfer steps. 
Flavocytochromes often play this role in respiration acting as a gateway from substrate 
oxidation to the one-electron transport chain that ultimately leads to the reduction of 
oxygen. In oxidoreductases that reside in membranes, ubiquinone (also called coenzyme 
Q) plays an analagous transducing funtion, Figure 1.1. 
Electron Transducing 
pair exchange centre 	Non-adiabatic 
H 	 / single electron 
H _- 	 - 	




Figure 1.10: Three types of electron transfer demonstrated in flavocytochrome b2 : a 
L-lactate dehydrogenase found in the respiratory chain of yeast mitochondria. Electron 
pair exchange occurs between flavocytochrome b2 ( green % circles) and L-lactate. 
The electron pair is converted into single electrons at the flavin transducing centre. 
Subsequent passage of single electrons (blue ovals) to cytochrome c (red oval), and 
then on to cytochrome c oxidase (purple circle) occurs via non-adiabatic electron 
transfer. The terminal electron acceptor is molecular oxygen. 
3. \'H/1-at1iabaIlc si/Igli' c/cc irull ira,i.sfcr 
The third group is the non-adiabatic transfer of electrons between two redox centres 
that are only weakly coupled. The electrons are transferred as single entities, no other 
atoms/groups are involved, and the process involves quantum tunnelling and may occur 
over several Angstroms. This type of electron transfer can link a catalytic site to another 
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redox centre within the same protein or a remote binding site of another protein. Both 
these intra- and inter-molecular processes are found in the primary energy coupling 
mechanisms of photosynthesis and respiration, e.g. reduction of cytochrome c by 
flavocytochrome b2 . Their rates can be described by Marcus theory, below. 
1.2.1 Electron transfer theory 
This section aims to introduce the background theory of non-adiabatic electron 
transfer as defined by Marcus (1956 and 1965). It is based on several reviews in the field 
(McLendon, 1988; McLendon, 1991; McLendon & Hake, 1992; Moser et al., 1992; 
Moser et al., 1995; Chapman & Mount, 1995; Larsson, 1998; Chapman et al., 1999). 
Despite the intense interest and work in this area there remains some controversy over 
the nature of electron transfer; two main theories differ in the route of electron transfer 
and the specific role that the intervening medium plays. However, the use of an Arrhenius 
rate expression, equation 1.3, in which the rate of electron transfer is dependent on two 
terms, k'( ) and AGt, is undisputed. 
~ —AG * J 
V = kexp' (1.3) 
where k' is the observed rate of electron transfer, k 10 is the maximum rate of electron 
transfer when the activation energy, AG, is zero, R is the gas constant, and T is the 
temperature. 
The activation energy, AG t , is dependent on the free energy of the reaction and the 
reorganisation energy associated with the nuclear configuration of the reactants and 
products. This relationship is the basis of the Marcus theory of electron transfer (1956 
and 1965). When the activation energy is zero, the maximal electron-transfer rate is 
obtained. The main component of k' 0 is the electronic coupling strength, H,, which is 
dependent on both distance and the nature of the intervening medium. 
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Activation energy 
Marcus defined the basic theory of electron transfer in biological systems (1956 and 
1965). This explains the dependence of the electron-transfer rate on the free energy for 
the reaction and the reorganisation energy associated with the nuclear configuration of 
the reactants and products. Consider the simplest case of electron transfer outlined 
below. 
Oxidation of A: 	A -+ A + e 
Reduction of B: 	B + e - if 
Overall System: 	K + B -* B + A 
During the transfer of the electron two properties of the system must remain 
constant:- the total energy of the system and the nuclear configuration (i.e. the spatial 
arrangement of all the nuclei that are influenced by the reaction). According to the 
Franck-Condon principle, no change in the nuclear configuration of the reactants (K and 
B) can occur during the timescale of the electron-transfer event. Therefore, for systems in 
which the reactants and products have different nuclear configurations, energy must be 
invested to attain a common isoenergetic configuration prior to the transfer of the 
electron. The electron-transfer rate is therfore partially determined by the energy required 
to reach this common state. This activation energy, AG * , is a function of the driving force 
of the reaction and the reorganisation energy as illustrated in Figure 1.11. 
Each system (i.e. reactants and products) is described by a parabolic function that 
represents simple harmonic oscillation. The optimum nuclear configuration lies at the 
bottom of the potential energy well. As Figure 1. Ii shows the reactants and products 
have different optimum nuclear configurations since this depends on the position of the 
mobile electron. The reorganisation energy, X, is the energy required to alter the nuclear 
configurations of the products to that of the reactants. The driving force of the reaction, 
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AG, is the difference in energy between the optimum nuclear configurations of the 
reactants and products. It is proportional to the difference between the reduction 
potentials of the two reactants, equation 1.4. The activation energy, AG *, is defined in 
relation to these two terms, X and AG, equation 1.5. The rate of electron transfer is 




where n is the number of electrons transferred in the process, and F is the Faraday 
constant (9.649 x 10 4 C mor 1 ). 
ciiimts 
Products 
Figure 1.11: The activation energy of an electron transfer reaction, AG. The free 
energy of the reaction, AG, is the energy difference between the reactants and 
products. The reorganisation energy, ?., is the energy required to adjust the nuclear 
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	 (1.5) 
Substituion of equation 1.5 in equation 1.3 gives the relationship between the 
electron-transfer rate and the driving force and the reorganisation energy. When the 
reorganisation energy is assumed to be constant (and is always positive), the dependence 
of the rate on the driving force is as illustrated in Figure 1.12. There are three different 




Figure 1.12: Below: The dependence of the logarithm of the electron-transfer rate (keO 
on the free energy difference between reactants and products (AG), when the 
reorganisation energy remains constant. Above: Typical energy diagrams for the three 
marked regions: a) normal, b) activationless, and c) inverted regions. 
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In the normal mode the parameter (AG + X) is positive. As AG is decreased then AG *  
becomes less positive. The lower activation energy is associated with a higher rate of 
electron transfer. The activationless mode is the specific case when the driving force 
equals the reorganisation energy, AG = -?, and hence the activation energy is zero. This 
corresponds to the maximum electron-transfer rate for the system. In the inverted mode 
the parameter (AG + ?) is negative. As the driving force is increased further (i.e. AG 
becomes more negative than -A.) the electron-transfer rate begins to fall again. In this case 
the increasing positive value of AG * indicates that the potential energy barrier reforms. 
Therefore Marcus theory explains why the rate can, to some degree, be under 
thermodynamic control. The activation energy is dependent on both the free energy, AG, 
and the reorganisation energy, ?, such that electron-transfer rates do not continue to 
increase with increased driving force past the activationless mode. There are two other 
parameters, 3 and d, that also contribute to the observed rates of electron transfer by 
altering the interaction of the redox centres or 'electronic coupling strength'. 
Electronic coupling strength 
In the activationless mode (i.e. when the free energy equals the reorganisation energy) 
the observed rate constant is maximal, k' = k' 0 . The main component of k' 0 is the extent 
of overlap between the electronic wave functions of the donor and acceptor redox 
centres. For proteins, the electronic coupling strength at Van der Waals contact, H° , is 
essentially invariant. However, when the redox centres are further apart than d 0, then H, 
is dependent on both the distance 6 (d) and the nature of the medium between them 
(reflected in ) as shown in equation 1.6. 
6 There is ongoing discussion about the true distance between redox centres such as two 
haems, where the electron might get a free ride" to the haem-edge, and therefore the edge-to-
edge distance might be more appropriate than the distance between the two haem irons. 
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H = Hexp 
[—,8(d—d - ) j 	 (1.6) 
where H*AB is the electronic coupling at Van der Waals contact (d° in A) and P is the 
rate of decay (K 1 ) of electronic couping over distance d 
The impact of the composition on the electronic coupling strength is seen in the 
exponential coefficients of decay of electronic coupling with distance, 0, Table 1.3. A low 
value of 3 indicates a system where the electronic coupling extends over relatively long 
distances, and therefore reasonable electron-transfer rates can also occur over longer 
distances. Hence a covalently bonded system is a much better mediator of electron 
transfer than a vacuum. A frozen organic glass, such as methyltetrahydrofttran, and a 
protein matrix both have intermediate values. The similarity of 0 for these systems has 
been interpreted by supporters of the 'direct through-space model', as indicating that the 
protein matrix is a homogeneous system like the organic glass. In this case an electron is 
transferred "as the crow flies". The medium through which it passes is considered to be 
homogeneous in terms of its electron-mediating properties. With this 0 value the rate of 
electron transfer will show a 10-fold decrease as the distance between the redox centres is 
increased by 1.7 A (Moser etal., 1992). 
Table 1.3: Values of the exponential coefficicient of decay of the electronic coupling with 
distance, 3, for several different media. 
Intervening medium I (in A) References 
Covalent bound system 0.7 Moser etal. (1992) 
Azurin (P. aeruginosa) 1.1 Langen etal. (1995) 
Organic glass 1.2 Miller (1984) cited in 
Moser etal. (1992) 
Homogeneous protein matrix 1.4 Moser et al. (1992) 
Vacuum 2.8 Gamow (1928) cited in 
Moser etal. (1992) 
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There is some evidence that not all redox proteins can be adequately described by this 
simple model. Certain redox proteins exist where electron transfer occurs predominantly 
through one type of tertiary structural component i.e. the n-sheet dominated azurin from 
P. aeruginosa. The lower value of 3 for this protein, Table 1 .3, than that predicted for a 
homogeneous protein, indicates that the a-sheet has better electron-mediating properties 
than the cc-helix, as proposed by Beratan el al. (1991). If the electron-mediating 
properties of a protein matrix depend on the different structural components and 
interactions (bonding and non-bonding) it contains then it can no longer be described as a 
homogeneous system, like an organic glass. Instead, Beratan proposes an alternative 
tunnelling model. The "pathway model" maintains that different pathways from one redox 
centre to another exist in the protein matrix. The electron will not travel the most direct 
route, but rather through the most energetically convenient pathway utilizing covalent 
bonds, hydrogen-bonds and short through space hops. In this case, the 
experimentally-determined 3-value of 1.4 A' may represent an average of several 
competing pathways through a large protein structure. Beratan el al. (1990) produced an 
algorithm which calculates the most efficient pathways from electon donor to acceptor 
taking into account the non-bonding and bonding interactions between them. Hence 
kinetic data from redox proteins can be compared to both the "direct through-space" and 
"pathway" models. The ruthenium-modified cytochrome c system has proved particularly 
useful in the study of the rate of intra-protein electron transfer as a function of distance 
and driving force  (Sykes, 1988; Beratan el al., 1990, Casimiro el al., 1993; Bjerrum et 
al., 1995). 
A ruthenium complex is covalently attached to a surface histidine/lysine. The distance 
between this introduced redox centre and the c-haem is fixed by which residue reacts, and is 
determined from the crystal structure of the native enzyme. Electron transfer is initiated by 
pulse radiolysis or laser flash photolysis of the ruthenium centre. The reorganisation energy of 
this system is low and the driving force can be systematically altered by the ligands of the 
organometallic complex. Therefore electron-transfer rates can be determined as a function of 







Figure 1.13: The long-range electron transfer between ruthenium and haem iron in 
ruthenium modified myoglobin (Casimiro et al., 1993). Surface histidines were 
introduced by site-directed mutagenesis and chemically modified with 
pentaamineruthenium; the haem is replaced with zinc mesoporphynn IX diacid. The 
rate of electron transfer can be discussed in terms of the "direct through-space" and 
"tunnelling pathway" models. 
The data for ruthenium-modified cytochrome c shows good agreement with the 
pathway model" consistent with the idea that distance alone is not enough to describe 
long-range electron transfer i.e. the electron-transfer rate depends on the bonding and 
non-bonding interactions of the intervening peptide medium. Whilst the "pathway model" 
is more appropriate than the "direct through-space model" for electron transfer in 
ruthenium-modified myoglobin, Figure 1.13, neither model is completely satisfactory 
(Beratan et al., 1990; Casimiro et al., 1993). The poorer agreement for myoglobin, as 
opposed to cytochrome c, may reflect the fact that no clear electron transfer-pathway 
exists in the native protein as it does not perform a physiological redox function. 
It has been shown, thus far, that the rate of electron transfer depends on 
thermodynamic and physical factors:- the free energy, the reorganisation energy, the 
distance and the nature of the intervening medium between the two redox centres. These 
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factors will apply equally to intra-molecular and inter-molecular processes and can serve 
as the basis of the mechanisms employed by which redox proteins control their redox 
behaviour. 
1.12. Control mechanisms in biological intra-molecular electron transfer 
There are many biological processes that require energy e.g. substrate transport across 
the cytoplasmic membrane, flagella motion and ATP synthesis. The required energy is 
ultimately derived from the oxidation of reducing equivalents e.g. lactate, NAD(P)H. 
Clearly, the energy derived from these oxidations must be maximised so that, in the 
mitochondrial respiratory chain, substrates are only oxidised when ATP is required. In 
addition, the derived energy must not be wasted through unnecessary redox reactions. 
There are many examples where the four factors that affect the rate of electron transfer 
(driving force, reorganisation energy, distance and the decay of electronic coupling) are 
exploited to ensure both the high efficiency of the desired reactions and the low rates of 
electron transfer for other "energy-wasteful" reactions. Illustrations of the impact of these 
parameters on the mitochondnal respiratory chain are now presented. 
The rate of electron transfer can be thermodynamically controlled by the driving force, 
AG. The respiratory chain incorporates a series of redox centres that are arranged such 
that each electron-transfer step is exergonic. That means there is sufficent driving force 
for each step. In biology, the introduction of an electron-transfer step with an 
unfavouarble AG is rare, but may be associated with the control of the electron-transfer 
pathway. This control mechanism operates in flavocytochrome P-450 BM3, as explained 
in Chapter 4, and maintains the tight coupling of NADPH consumption to fatty-acid 
substrate hydroxylation. A particular electron-transfer step can also be disfavoured by a 
high reorganisation energy as illustrated by cytocbrome c oxidase. In this enzyme the 
oxidation of ferrocytochrome c intitiates electron flow through the electron-transfer 
pathway: cyt c - Cu. -> haem a -> haem a3/Cu -> O. 
hi 
Figure 1.14: Schematic representation of the redox cofactors in the 
cytochrome c oxidase based on the X-ray crystal structure of the P. denitrificans 
enzyme, taken from Sharp & Chapman (1999). 
Theoretically, as shown in Figure 1. 14, electron transfer could proceed directly from 
CUA to haem a3 at a reasonable rate since the haem a 3 is only 2.8A further away than the 
other haem. However, the rate of electron transfer to haem a is faster by one/two orders 
of magintude and this can be accounted for in the significantly lower reorganisation 
energy of this step (0.3 eV for haem a reduction, 0.8 eV for haem a 3 reduction). The 
difference in reorganisation energy seems critical in diverting the electrons through 
haem a, rather than allowing direct reduction of haem a 3 . This arrangement may allow 
further control of the electron-transfer pathway, through the coupling of proton transfer 
to specific electron-transfer steps (reviewed in Sharp & Chapman, 1999). Indeed, these 
authors proposed that CUA —* haem a electron transfer is thermodynamically gated by a 
reduction potential shift on protonation. In Chapter 5 of this thesis another example of 
the thermodynamic control of intra-molecular electron transfer by reduction potential 
shifts induced by the protonation of the protein environment is presented. In this case, 
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flavocytochrome c 3 , the potential of the active-site fiavin is shifted by the protonation of a 
nearby amino acid residue. 
In addition to the driving force and reorganisation energy discussed, the distance and 
the intervening medium between the redox centres also have implications for both 
inter-molecular and intra-molecular electron transfer. in the mitochondrial chain the 
efficiency of inter-molecular electron-transfer reactions is largely governed by the small 
distance between redox centres i.e. the different integral membrane proteins are held in 
close proximity. The role of distance in intra-molecular electron transfer is wonderfully 
illustrated in the use of protein dynamics to achieve the bifurcation of electron transfer in 
cytochrome bc 1 . In this case, a reduced redox centre is physically moved between two 
redox sites, so that alternate electrons are passed to low- and high-potential chains 
(reviewed in Sharp & Chapman, 1999). This is a kinetic mechanism for controlling 
electron transfer since the driving force of the intra-molecular step is unaffected by the 
conformational change of the protein. In Chapter 3 of this thesis, the kinetic control of 
inter-haem electron transfer in cytochrome cd1 is discussed. In this enzyme, the rate of 
electron-transfer rate is limited by the slow kinetics of the associated conformational 
change of the protein. 
1.3. Electrochemical techniques 
The study of electron-transfer pathways can increase our understanding of how 
multi-centred redox enzymes function. In particular, it is useful to establish the route of 
electron flow, the rate-determining step and the status of each redox centre under 
turnover and non-turnover conditions. Sometimes the role of a redox centre in its 
pathway is not clear because the redox properties of the centre seem inconsistent with the 
electron-transfer pathway in which it is beleievd to operate. For example, one of the iron 
sulfur clusters in E. coil fumarate reductase, Centre 2, has an abnormally low reduction 
potential, with respect to the electron-transfer pathway in which it participates (Heering 
el al., 1997). The role of this iron-sulfur cluster is still under investigation. For many 
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multi-centred redox enzymes the electron pathway is affected by experimental conditions 
e.g. pH, temperature and the presence of substrates/inhibitors and this might reflect the 
dependence of the redox properties of the system on the enzyme conformation, substrate 
binding in the active site, a change in axial-ligation of the haem, and the protonation 
status of a specific amino acid residue, amongst others. The observed effect on the 
electron-transfer rate may be thermodynamic or kinetic in origin, Section 1.2. 
The importance of the driving force on the control of individual intra-molecular 
electron-transfer steps can be assessed by the determination of the reduction potentials of 
all the relevant centres. This may be achieved by a potentiometric study, and would reveal 
any increase in the driving force for electron transfer when substrate is bound at the 
active-site. An example of this type of thermodynamic control is presented in Chapter 4. 
However, it can be equally useful to demonstrate that the catalytic activity is not 
controlled by the thermodynamics of the electron-transfer pathway. For example, a 
mutation of a specific amino acid residue may drastically reduce the catalytic activity 
without perturbing the thermodynamics of the pathway. This situation can be established 
by measurement of the reduction potentials of both the wild-type and mutants. The role 
of Histidine 365 in flavocytochrome C3 has been investigated by these means, and is 
presented in Chapter 5. 
1.3.1 The study of redox processes in the potential domain 
The wide range of spectrometric techniques available, including EPR, UV-Vis and 
NMR, can be applied to the study of redox processes. So, for example, the rate of 
flavin to haem electron transfer in fiavocytochrome c3 has been determined through 
stopped-flow kinetic experiments. Here the reduced enzyme is reoxidised, by the addition 
of an electron acceptor, and the shift in the Soret band is monitored by UV-visible 
spectrophotometry. Another example is the impact of pH or site-directed mutagenesis on 
the steady-state kinetics of an enzyme to make deductions about the role of specific 
residues on the redox centre. Steady-state kinetic experiments carried out on 
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flavoctocrome c3 (Doherty, in Turner el al., 1999) have provided information on the 
electron-transfer pathway of this enzyme that is complementary to the electrochemical 
results presented in Chapter 5 of this thesis. 
Cyclic voltammetry is considered as an excellent electrochemical technique for the 
study of the impact of potential on the redox centres, and the intra-molelcular 
electron-transfer processes of multi-centred redox enzymes since it can probe both the 
potential- and time-domains. It can therefore provide information on the kinetics of 
electron-transfer steps and catalysis. Redox titrations can also be conducted on enzymes 
to determine the reduction potentials of the redox centres'. 
Both techniques require that an electrode can be employed to measure the potential of 
an enzyme solution. The electron exchange between the electrode and the enzyme can be 
either direct or indirect. Until the last two decades it was assumed that the poor 
interaction of protein molecules with a bare electrode would prevent the use of direct 
electrochemical methods, despite their proven power for small systems. Until 1-1111 and 
Kuwana and co-workers demonstrated the direct electrochemistry of cytochrome c at a 
solid electrode (see below) protein electrochemists limited themselves to an indirect 
electrochemical approach (Eddowes & Hill, 1979). 
1.3.1.1. Indirect electrochemistry 
This strategy assumes that the direct exchange of electrons between a protein and an 
electrode is ineffective. Therefore small redox-active mediators are introduced that can 
shuttle electrons between the two components. When the mediators react effectively, 
reversibly and rapidly with both the enzyme and the electrode, the equilibrium potential 
of an enzyme solution can be monitored. Not only this, but the potential can also be 
controlled by the electrode itself, in combination with a potentiostat. This experimental 
8 Redox titrations can also be carried out on the time-domain (Shimada & Oni, 1976) but this 
does not yield actual reduction potentials. 
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set-up has successfully been used to carry out bulk electrochemical biotransformations 
and potentiometric titrations (Butt el al., 1991a and 1994, Kuwana el al., 1964). 
However the most frequent approach to altering the potential in redox potentiometry is 
the addition of chemical reductants/oxidants (Massey, 1990; Dutton, 1978). 
The indirect electrochemistry approach to study the status of redox centres in the 
potential domain is limited to those systems that satisfy certain criteria. The status of the 
redox centre should not be altered by the presence of the mediator; there are cases where 
the mediator can chemically modify or act as a substrate for the enzyme (Cohen & 
Wilson, cited in Dutton, 1978). The measured potential must be the true equilibrium 
potential that all the redox components in the system experience. Therefore the mediator 
must react reversibly and rapidly. Mediators must be available that can access the 
required potential. Certain biological redox centres have extreme reduction potentials that 
cannot be reached by mediated-electron exchange e,g, E'= -726 mV vs. SHE for the 
[4Fe-4S] 24 ' cluster in Ferredoxin I from Desuifovibrio africans (Armstrong el al., 
1988). The study of the redox centres in the enzyme by spectrophotometry must not be 
thwarted by the absorptions of the highly-coloured mediators 9. Clearly the presence of 
mediators leads to complications in some enzyme systems. 
1.3.1.2. Direct electrochemistry 
Direct electron exchange has been demonstrated for electrodes and small redox-active 
molecules. The power of the voltammetric technique for the study of these molecules is 
recognised (Fisher, 1996). The basis of the method is the direct perturbation of the 
electrochemical potential (by the use of an electrode and potentiostat) and the 
simultaneous measurement of the current response. The direct control of the potential 
allows a wide potential range, not limited by the properties of mediators, and therefore all 
redox centres can be reduced/oxidised. For example as described above the [4Fe-4S] + 
Mediators are typically highly-coloured. The useful redox activity and intense UV-visible 
absorption are both associated with the relative energies of the d-orbitals. 
cluster in Ferredoxin I requires a potential more negative than -700 mV for its generation 
in solution. By contrast, this is easily performed by direct electrochemistry for the closely 
related protein from Azolobacter chroococcum (Feher, 1992; cited in Armstrong et al., 
1996). In addition this potential range can be scanned at different rates and allows the 
timescale of different intra-molecular electron transfer steps to be monitored. Finally, 
since every redox centre gives a current response as it is specifically activated, even 
centres that lack clear spectral signals can be detected. Clearly, these features of 
voltammetry are desirable for the study of multi-centred redox enzymes. 
Historically it was assumed that the effective interaction of proteins with electrodes, 
without mediators, would be too poor to apply dynamic electrochemical methods 
(reviewed in Guo & Hill, 1991; Armstrong, 1996). The inadequate interaction of a redox 
centre in a protein, as opposed to a small redox-active molecule, was attributed to i) the 
insulation of the redox centre by the protein, ii) a lack of recognition between the two 
surfaces leading to the random approach of the protein molecule, and iii) the tendency of 
the protein to adsorb irreversibly at the electrode surface causing denaturation. It was 
Kuwana and Hill and co-workers that first achieved the reversible, diffusion-controlled 
voltammetry of cytochrome c at a solid electrode without mediators and with no sign of 
denaturation (Eddowes & Hill, 1979; Yeh & Kuwana, 1977). The rapid interfacial 
electron transfer achieved between electrode and protein was largely attributed to the 
favourable electrostatics between the region surrounding the partially-exposed haem edge 
and the electrode surface. Indeed since cytochrome c can act as an electron acceptor for a 
vast range of negatively-charged proteins it is not surprising that this was the first 
reversible protein electrochemistry using a negatively charged electrode (Hake ci al., 
1992; Bernardi & Azzone, 1981). Increased understanding of the formation of 
protein-protein complexes (reviewed in Mauk el al., 1995), particularly in the field of 
biological electron-transfer pathways, has highlighted three principles that appear to be 
critical for reversible protein electrochemistry. 
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,) A ccessibillity of the redox centre 
In many proteins at least one redox centre is reasonably exposed to enable rapid 
electron transfer to its physiological partner, another redox protein e.g. the 
cytochrome C: cytochrome c peroxidase complex (Pelletier & Kraut, 1992). When the 
redox centre is heavily buried, according to Marcus Theory, the long distance from the 
protein/electrode surface would give slow rates of heterogeneous electron transfer, 
Section 1.2.1. In these cases, the exposure of the redox site itself cannot be altered, but 
an artificial electron-transfer pathway to this site can sometimes be created by the 
introduction of a second redox site at the surface of the protein by chemical modification 
(Sykes, 1988; Beratan el a/., 1990; Casimiro ci al., 1993). The introduction of electron 
relays, has been a successful approach to both the study of the impact of distance on the 
rate of electron transfer as in Section 1.2.1 (Beratan etal., 1990; Casimiro et al., 1993), 
and the direct electrochemistry of redox proteins e.g. glucose oxidase and 
D-amino acid oxidase (Degani & Heller, 1988; Schuhmann ci al., 1991; Riklin ci al., 
1995). 
ii) Surface-surface recognition 
The favourable recognition of two surfaces is critical to the transient formation of both 
protein-protein and electrode-protein complexes before electron transfer can occur. The 
crystal structures of redox protein partners often reveal an asymmetry in the charge 
distribution that is localised around the exposed redox centre of each protein. For 
example, cytochrome c could be described as a positively-charged protein since the 
exposed haem edge is surrounded by positively-charged residues, Figure 1.15. This 
protein seems predisposed to form a complex with "negatively-charged" proteins such as 
cytochrome c peroxidase (a physiological electron donor). In the complex the redox 
centres are held in the optimum orientation for rapid electron transfer (Matthews, 1985; 
Pelletier & Kraut. 1992) 
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Figure 1.15: Cytoctirome c from horse heart showing the haem molecule in red and 
the prominent basic (positively charged) residues distributed around it in blue. 
Applying our understanding of the role of electrostatics in protein-protein complex 
formation it is reasonable to anticipate that cytochrome c would interact more favourably 
than cytochrome c peroxidase with a negatively-charged electrode surface e.g. pyrolytic 
graphite cleaved in the edge plane (PGE)' ° . However, this system, and other 
negatively-charged protein: electrode systems, can be developed such that reversible 
electrochemistry is achieved" (Mondal et al., 1996, 1998). This involves the use of 
promotors to 'promote' more favourable interactions between the protein and electrode 
surfaces. They should not be confused with mediators which are directly involved in 
electron transfer, changing their own oxidation state during the course of the electron 
exchange between the electrode and the protein. The promotion of favourable 
surface-surface interations can be achieved in three different ways: i) the use of soluble 
promotors, ii) electrode modification, and iii) protein modification. 
'° Note that the C-O functionalities that give the negatively-charged surface may be protonated at low pH 
such that the interaction of "negatively-charged' and "positively-charged" proteins with the electrode 
may be significantly altered by the pH. 
I I It is interesting to note that most interactions between cytochrome c and cytochrome c peroxidase are 
hydrophobic (Pelletier & Kraut, 1992). That is, electrostatic interactions aren't the only forces that are 
important in the formation of an electron-transfer complex. 
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There are different types of soluble promotors. Cationic reagents such as multi-
charged metal ions have proved useful in creating weak salt-bridge interactions between a 
negatively-charged region of the protein surface and the weakly acidic oxide groups on 
the electrode (Armstrong ci al., 1985, 1987). The stronger interactions induced by 
complex polyamines and polymyxin B sulfate, Figure 1.16, have also improved the 
intensity and stability of the current response of iron-sulfur cluster proteins right up to 
large multi-centred redox enzymes e.g. E. co/i fumarate reductase, succinate 
dehydrogenase and cytochrome c peroxidase at edge-plane graphite electrodes 
(Armstrong ci al., 1990; Butt el al., 1991a, 1991b, 1993a, 1993b, 1994; Sucheta ci al., 
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Figure 1.16: The structures of three promotors, used to promote direct 
electrochemistry of proteins. Neomycin (A), Spermine (B) and Polymyxin B sulfate (C). 
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ii,) Removal of sluggish diffusion kinetics 
In biology the rate of electron transfer between two redox proteins is often increased 
by holding them in close proximity e.g. photosytem I and II. In this way the kinetics of 
electron transfer are not limited by sluggish diffusion of the large protein molecules. This 
principle of juxtaposition of redox patrners has been applied to protein-electrode systems 
in several ways. The protein may be held in close proximity to the electrode by 
entrapmant with a dialysis membrane (Bartlett et al., 1997; and references therein) or 
incorporation within a surfactant film (Rusling & Nasser, 1993). In the former case 
current response is sharpened and intensified as a result of the high local protein 
concentration, but the current response is still diffusion-controlled i.e. i cr v 12  The ideal 
way of removing the impact of diffusion on the hetergoeneous electron transfer is the 
immobilisation of the protein molecules on the electrode surface, Figure 1.17. 
Electrolyte 
suhstrt1e / product 
Redox 
OCO 	000 	centre 
Figure 1.17: Immobilisation of protein molecules on an electrode surface. Monolayer 
films are prepared by adsorption in the presence of promotors such as polymyxin B 
sulfate and neomycin, see Section 1.3.4.1. 
Clearly surface-surface interactions will play an important part in ensuring that the 
molecules are correctly oriented so that distance between the electrode surface and the 
redox centre is minimised i.e. principles I and 2 still apply. Note too, that if catalytic 
turnover is to be studied at an electrode, the enzyme must also be oriented so that 
substrate and product can access the active site. 
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The immobilisation of the redox protein on an electrode surface can be irreversible or 
reversible. Permanent attachment of a protein to the surface can be achieved by the 
modification of the electrode and/or the protein (Guo & Hill, 1991; and references 
therein). However, irreversible binding at an electrode can also be associated with 
alteration of the properties of a protein, such as reduction potential e.g. cytochrome c at 
metal electrodes (Willit & Bowden, 1987 and 1990). In this case the more reversible 
adsorption of this protein at indium oxide electrodes yields reduction potentials that more 
closely match those obtained in solution titrations. Electroactive monolayer (in some 
cases sub-monolayer) protein films can also be prepared at graphite electrodes, see 
Section 1.3.4.1 (Butt et al., 1991a, 1994; I-leering et al., 1997; Albery el al., 1981). 
Voltammetric investigation of the redox properties and catalytic activities of the films can 
be conducted to confirm that the enzyme molelcules are immobilised in their native state. 
The voltammograms should reveal reversible electrochemistry that is not limited by 
heterogeneous electron transfer and is close to the ideal case for the immobilised 
configuration of redox-active molecules as described in Section 1.3.3.2. 
It has been shown that the principles that are important in biological electron transfer 
can be applied to improving the interaction of a protein with an electrode. These include 
the distance of the redox centre from the electrode surface, the interaction of the two 
surfaces and the impact of diffusion kinetics. If these conditions can be optimised 
heterogeneous electron transfer can be fast enough to give a Nernstian current response 
to potential perturbation, such that reversible electrochemistry due to redox centres in a 
protein is observable. Under equilibrium conditions, the concentrations of the oxidised 
and reduced from of a redox couple are dependent on the applied electrochemical 
potential, E. For the reversible reduction of an oxidised species, Ox, by n electrons, this 
relationship is expressed in the Nernst equation, equation 1.7. 
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General Nernst equation 
	
E = E'- RT1I[red]) 	 (1.7) 
nF 	[ox]) 
E is the applied potential (vs. SHE), E' is the reduction potential under the experimental 
conditions, R is the gas constant (8.314 J moi 1 K 1 ), T is the temperature (in °K), n is the 
number of electrons transferred in the process, and F is the Faraday constant 
(9.649 x iO C moi 1 ). 
Here the reduction potential, E', is the potential at which [Ox] = [Red] and is a direct 
measure of the Gibbs Free Energy for the reaction under the experimental conditions, 
equation 1.4. Hence the measurement of reduction potentials for the different redox 
centres in an electron-transfer pathway gives an indication of the thermodynamics of the 
individual electron-transfer steps, under equilibrium conditions. Two pieces of 
information are required for the deduction of reduction potentials by the Nernst equation: 
i) the electrochemical potential of the solution, and ii) the extent of reduction of each 
redox centre at each reduction potential. It was established, in the previous section, that, 
by direct or indirect electron exchange between a redox centre in an enzyme and an 
electrode, the status of a redox centre at different potentials can be ascertained. This 
information is summarised in Table 1.4. 
The different requirements of the two techniques may determine which is chosen to 
determine the reduction potentials for a particular multi-centred redox enzyme. Redox 
potentiometry is only applicable when a clear change in spectral signal is observable on 
reduction (and oxidation) of the redox centre. Flavocytochrome c3 is an example of an 
enzyme in which the reduction potential of a redox centre cannot be measured by redox 
potentiometry. In this case, the characteristic UV-visible spectral changes due to flavin 
reduction are masked by the more intense signal due to the four haems, Section 5.2.1. 
Cyclic voltammetry, on the other hand, can detect redox centres that have no spectral 
response. It is, however, limited to systems in which efficient heterogeneous electron 
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transfer between the electrode and enzyme exists ' 2 . To date, the reversible 
electrochemistry of neither flavocytochrome P-450 BM3 nor cytochrome cd, has been 
achieved. Therefore we see that each technique might not be universally applicable. 
Table 1.4: Comparison of the redox potentiometry and cyclic voltammetry techniques for the 
determination of reduction potentials by the Nernst equation. 
Parameter Redox potentiometry Cyclic voltammetry 
Method 1 Method 2 






Measurement of potential Electrode 
(+ Mediators) 
Extent of reduction 
lOxi/FRedi 
Spectral signal Current response 
1.3.2 Redox potentiometry 
The traditional potentiometric titration (Method 2) consists of the gradual reduction 
and reoxidation of the enzyme in the presence of soluble mediators. The potential is 
altered by the titration of small aliquots of chemical reductant/oxidant. At each potential 
the system is allowed to equilibrate and a spectrum of the enzyme is recorded in situ. or 
by sample withdrawal. The extent of reduction of each redox centre is monitored at a 
charcteristic wavelength and may be fitted to a suitable form of the Nernst equation, 
equation 1.7. For example the one-electron reduction of a haem can be monitored by the 
shift in the Soret band, Section 1.1.1. The reduction potential is determined by fitting the 
absorbance data to equation 1.8. 
12  Note that enzymes that both interact effectively with an electrode and have clear spectral signals on 
reduction can be monitored by spectropotentiometly, Method 1. This is preferable when there is some 
evidence that the chemical redu ants/oxidants/mediators are disrupting the enzyme. 
The number of electrons transferred in the reduction of an individual haem centre is 
clearly 1. However more complicated systems are also found in biology. Firstly, two 
haem centres might interact such that reduction of one is dependent on the oxidation state 
of the other. In this case, n is not given a fixed value (of 1) but is defined as another 
parameter to be fitted. An n-value greater than 1 indicates positive cooperativity. This 
means that when one haem is reduced the reduction of other haem is more favourable 
thermodynamically. An example is cytochrome cd1 where the cooperativity is reflected in 
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eXP RT
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where, [total] is the total enzymeconcentration, us the cell path length, 60x and 6red are the 
extinction coefficients for the oxidised and reduced species respectively, E is the applied 
potential (mV vs. SHE), E'1 is the formal potential for the reduction under the experimental 
conditions, RT/nF represents the slope of the Nernst equation where n is the number of 
electrons transferred in the process and RI/F is equal to 25.6 my at 25 °C. 
A flavin redox centre has to be treated in a different way. As described in 
Section 1.1.2 a flavin can exist in three oxidation states. The extent of reduction of a 
flavin can, in most cases, be monitored by UV-visible spectrophotometiy since the 
quinone (yellow), semiquinone (red/blue) and hydroquinone (colourless) forms have 
distinctive spectra. When the semiquinone/reduced couple has a less negative reduction 
potential than that of the oxidised/semiquinone couple, E' 2 > E' 1 , the two one-electron 
reductions appear to happen simultaneously. The midpoint potential of the two-electron 
reduction can be determined from a Nernst equation with a n-value of 2, equation 1.8. 
However, the individual potentials for the one-electron reductions (in mV) can also be 
determined from a two-electron function, equation 1.9. 
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where, 6ox , ssemi and Erect are the extinction coefficients for the oxidised, semiquinone and 
reduced flavin respectively, E is the applied potential (my vs. SHE), E1 and E'2 are the 
midpoint reduction potentials (mV vs. SHE) for the oxidised/semiquinone and 
semiquinone/reduced couple, respectively. 
The formal potential of the two-electron reduction, E' 12 , is equal to the average of E' 1 
and 02,, and the maximum semiquinone content is determined by the potential difference, 
AEf = E' 2 - E' 1 13 . In cases where the potential of the oxidised/semiquinone couple is 
significantly more positive than the semiquinone/reduced species, E' 1 > E'2, the 
semiquinone species is stable. The formation and subsequent reduction of a blue 
semiquinone species can be monitored by a peak at Ca. 600 nm. However, the 
determination of the reduction potential of a flavin in a fiavocytochrome can be hampered 
by the presence of the strongly absorbing haem chromophore(s). When the haem:flavin 
ratio is reasonably low the flavin signal may still be detectable and therefore allow its 
spectropotentiometric titration in the holoenzyme, as in flavocytochrome P-450 BM3, 
Section 4.2.1. However, it is advantageous to be able to study the flavin redox centre in 
the absence of the haem groups. The independent overexpression and study of a flavin 
domain, is one strategy. However, some indication that the redox properties of the flavin 
group are unaltered from the holoenzyme is required. 
Redox potentiometry has been successfully used to probe the cooperativity and 
thermodynamics of electron transfer in many enzymes (E. coli flavodoxin and flavodoxin 
reductase, MIver et al., 1998; microsomal NADPH:P-450 oxidoreductase, Sevrioukova 
& Peterson, 1995). However, the lack of clear spectral signals for specific redox centres 
can prevent the redox characterisation of the entire electron-transfer pathway by this 
13 The formal potentials derived from the individual steps may underestimate slightly the 
magnitude of the separation, although the value for the two-electron process remains accurate. 
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method, as in flavocytochrome c3 , Chapter 5. The application of cyclic voltammetry in the 
determination of reduction potentials of such redox centres, is one of many advantages of 
this electrochemical technique. 
1.3.3 Cyclic voltammetrv 
The basis for the voltammetric technique is the direct control of the electrochemical 
potential with simultaneous measurement of the current response. The electrochemical 
potential is controlled by a potentiostat and the potential can be altered in a continuous, 
stepwise or pulsed manner. Hence in cyclic voltammetry the electrode potential is swept 
linearly with time between two defined limits, equation 1.10 and Figure 1.18. As we shall 
see later the scan rate, u, is a key parameter in the electron transfer processes that can be 
altered. The potential of the working electrode is measured relative to a reference 
electrode that is normally a calomel or silver chloride. This electrode is not affected by 
electrolysis and maintains its constant potential. The third electrode is a counter electrode 
that is designed to allow the free, non-limiting flow of electrons through the 
working-electrode/counter-electrode circuit, as shown in Figure 1.19. 
= E 0 + 
	 (1.10) 
where Et  is the potential at time, t (s); Eo is the initial potential; both potential parameters 
measured in volts.o is the scan rate (Vs 1 ) and s is the segment number. 
time 
Figure 1.18: Sweeping the electrochemical potential between two set limits. 
47 
Figure 1.19: Three electrode cell showing the current flow through the counter 
electrode (CE) and working electrode (WE) circuit. A potentiostat controls the potential 
of the working electrode, relative to the reference electrode (RE) which is unaffected by 
electrolysis. 
With this three-electrode system the electrochemical potential can be controlled and 
the current response can be recorded. However, what does the current response in a 
cyclic voltammetry experiment represent? There are two contributions to the observed 
current: non-faradaic and faradaic current. Firstly, the non-faradaic current is a result of 
the charging of the double layer at the electrode: solution interface. No electrons actually 
cross the interface. It is analagous to charging a capacitor and will occur in the absence 
(and presence) of a redox species. The background envelope observed in a buffer blank, 
Figure 1.20A, is associated with this phenomenon. The second component of the current 
response, and the one of interest in cyclic voltammetry experiments, is the faradaic 
current. This current arises out of the exchange of electrons at the interface due to the 
redox reactions of molecules at the electrode surface. Figures 1.20B and C show that the 
nature of the faradaic peaks depends on the identity of the redox species and their 
configuration at the electrode. The characteristics and relative advantages of two extreme 
configurations will be considered i.e. free diffusion and immobilised. 
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Figure 1.20: Three ideal current responses for cyclic voltammetric scans. Different 
current scales are used for each diagram. A) The non-faradaic response of a buffer 
blank. B) and C) The faradaic responses of two redox-active species, superimposed on 
the background non-faradaic envelope: B) freely diffusing redox active species, 
ferrocene, and C) immobilised multi-centred redox enzyme. 
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1.3.3.1 Free diffusion configuration 
Consider the case for a working electrode in a solution of redox-active protein. The 
faradaic current response corresponds to reversible electron transfer between the redox 
centres in the freely diffusing molecules and the electrode. It is probable that transient 
adsorption of the protein molecule at the electrode surface is required as indicated by 
Scheme 1. 1. 
1 
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Scheme 1.1: Electron transfer to a freely diffusing redox molecule requires transient 
adsorption at the electrode surface. In the ideal case, the reversible adsorption 
characteristics (kad s and kdes) of the oxidised (Ox) and reduced (Red) species are 
similar; the heterogenous electron transfer rate constant, k 5 , is both large and 
dependent on the potential. 
According to this simple scheme the faradaic current is dependent on heterogenous 
electron transfer and mass transport. In the ideal case heterogenous electron transfer is 
fast and reversible (k5 is large) such that the concentration of the oxidised and reduced 
forms of the redox species at the electrode are related to the electrochemical potential, as 
described by the Nernst Equation, equation 1.7. For this simple case the oxidised and 
reduced forms must be under equilibrium conditions and it is therefore assumed that the 
reactants do not undergo chemical changes during the lifetime of the experiment (this 
situation will be considered later). The current also shows a dependence on the 
concentration of the redox-active species at the electrode surface. In the absence of the 
mass-transport of redox-active species from the bulk of the solution to the electrode 
surface, and the removal of the redox-inactive form, the current would fall to zero as the 
concentration of the oxidised form at the electrode becomes depleted. For a macroplanar 
stationary electrode the mass transport is assumed to be linear diffusion where the 
diffusion coefficients of the oxidised and reduced forms of the species are assumed to be 
similar. Under these ideal simple conditions the voltammogram would have the shape 
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Figure 1.21: Ideal voltammogram for a freely-diffusing redox molecule. 
The potential is initially poised to ensure that the redox species is completely oxidised. 
When the potential is swept to more negative values the charging of the double layer at 
the electrode-solution interface is observed as a change in the non-faradaic current. Then, 
as E tends towards E', a faradaic current starts to flow. The negative current corresponds 
to the transfer of the electrons from the electrode to the redox species as it is reduced. 
The peak-like nature of the current is a result of the two processes i.e. heterogenous 
electron transfer and mass transport. Initially the electron flow is limited by the rate of 
heterogenous electron transfer and rises due to the increase of k on the potential. Later 
the magnitude of the current falls, despite the less positive potential, since the 
concentration of the redox-active form becomes depleted at the electrode. The peak 




i = O.4463nFAC01—I ) '2D0/2
RT) 
where i, is the oxidative peak current, n is the number of electrons transferred in the process, 
F is the Faraday constant, A is the electrode peak area (cm 2), C0 is the bulk concentration of 
the oxidised form (mol cm), R is 8.314 J moi 1 Ic 1 , T is the temperature (K), o is the scan 
rate (V s 1), and D0 is the diffusion coefficient for the oxidised species (cm2 1)• 
zXE =E -E =2x1.1O9RT=569mVat298K 
(1.12) 
p 	pa 	pc 	 nF 	n 
where AEp is the peak separation calculated from Ep a and Epc the potentials corresponding to 
the maximal anodic and cathodic currents respectively. 
= (E P. ± EcJ 	
(1.13) 
where E' is the formal reduction potential of the redox-active species under the experimental 
conditions 
To summarise, these relationships can be used to describe the situation when 
heterogenous electron transfer is fast, the reactants do not undergo chemical changes 
during the lifetime of the experiment, and the reduced and oxidised species have similar 
diffusion coefficients. This situation may be described in the literature as the "ideal case" 
for a freely diffusing species, and large peak separations, AE p, and increased symmetry 
might indicate deviations from the non-ideal case. However, it should be stated here, and 
described in detail later, that distortions from so-called "ideal voltammetry" are not 
necessarily disadvantageous. In terms of enzyme film voltarnmetry these distortions in the 
voltammogram shape are often the very features that can be exploited to provide valuable 
information about the redox species. These include the observation of chemical 
phenomena that are involved in the timescale of the experiment e.g. catalysis, reductive 
activation of an inhibitor-bound enzyme. 
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1.3.3.2 Immobilised configuration 
The model described above predicts a voltammogram with a peak separation of 
57/n mV at 25 °C due to weak and reversible adsorption of a redox-active species that is 
freely diffusing in the solution. However, the peak separation becomes smaller as the 
strength of the adsorption of the species increases. The limiting case is the immobilised 
configuration where Ej,, = Epa. The symmetrical voltammogram recorded for the ideal 
case of such an immobilised configuration is shown in Figure 1.22. 
Epa 
L 	'' 
Figure 1.22: Faradaic current for the reduction and oxidation of a molecule 
immobilised at an electrode surface. 
As Figure 1.22 shows, the oxidative and reductive peaks, when corrected for the 
non-faradaic current, are symmetrical. The current is no longer affected by diffusion 
characteristics of the redox species and is purely a result of maintaining the equilibrium 
populations of the oxidised and reduced forms according to the Nernst equation, 
equation 1.7. 




where F is the total concentration of the redox species at the electrode surface 
= F + F,,,)-the ratio jeac)G  is 1 
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The scan-rate dependence of the peak current can be used to discriminate between and 
diagnose the nature of the redox-active species. Comparison of equations 1.11 and 1.14 
shows that the peak current due to an immobilised redox species has a linear scan-rate 
dependence, as opposed to (i u') for a freely-diffusing redox species. It will be 
reemphasised that the peak separation observed for the free diffusion configuration is also 
absent. 
The immobilisation of a redox-active species at an electrode surface offers several 
advantages over the free diffusion configuration, as outlined by Armstrong (1996). i) The 
redox status of all the centres in the sanpie are under the direct control of the applied 
electrode potential. Since each centre has a "direct connection" with the electrode the 
populations of the oxidation states are given immediately by the Nernst equation and are 
not limited by sluggish diffusion kinetics. ii) The waveform is well-defined (i.e. compact 
and finite) since no electrons stray to or from freely diffusing molecules. Therefore the 
number of electroactive molecules can be determined by integration. iii) Once the protein 
film has been prepared the electrode can be rapidly transferred to other conditions e.g. 
pH, substrate-containing electrolyte. The short timescale of the voltammetric 
measurement allows the enzyme to be interrogated under extreme conditions before the 
sample deteriorates. iv) The technique is extremely economical with the enzyme, such 
that multiple transfers are possible with 1012  to 1011  mol cm 2 of sample. This 
is ca. 103/104 fold lower than the EPR technique. v) The PFV technique is extremely 
sensitive to even trace reagents present in solution because the enzyme sample size is so 
small. Therefore stoichiometric reactions can be analysed with nanomolar concentrations 
when good mass-transport is achieved. 
Suitable conditions must be found for the immobilisation of a multi-centred redox 
enzyme in an electroactive form by one of the techniques outlined in Section 1.3.1.2. For 
this thesis, monolayer films of flavocytochrome c3 were prepared by adsorption in the 
presence of polymyxin B sulfate. Valuable information on the electron transfer pathway 
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can then be extracted from the reversible electrochemistry under both turnover and 
non-turnover conditions. The impact of the n-value on the characteristics of the faradaic 
current for an immobilised redox species are summarised in Table 1.5. It is clear that the 
voltammogram from an immobilised redox species provides lots of valuable information. 
In particular the shape of a faradaic peak is heavily dependent on the value of n, the 
number of electrons transferred in the process. As n is raised both the peak height and 
area increase with a concomitant decrease in the half-height peak width. This means that 
a cooperative process (n> 1) such as the two-electron reduction of a flavin will have 
sharp peaks of twice the area as a one-electron redox centre such as a haem. The number 
of electroactive centres can be determined from the area of the faradaic peak since this 
corresponds to the charge passed in reducing a layer of oxidised species. The theoretical 
model for electron transport can also be extended to conditions where the enzyme carries 
out catalysis, Section 1.3.4.2. Under both turnover and non-turnover conditions the 
electron-transfer pathway can be investigated in a semi-quantitative manner. So from a 
single set of experiments the inter-dependent thermodynamics and kinetics can be 
obtained. The ability to extract information from the direct reversible electrochemistry of 
immobilised protein is the basis for the technique of protein film voltammetry. 
Table 1.5: The impact of n on the characteristics of the faradaic curent of the voltammogram of 
an immobilised redox species. 
Property Relationship Equation 
Peak height ip 0C W Equation 1.14 
Half-height peak-width (mV) 6 oc 1/n 8 = 3.53RT / nF 
Peak Area Area oc n Area = nFAI' / u 
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1.3.4 Protein film voltammetry 
1.3.4.1 Preparation of protein films 
The aim of adsorption of an enzyme at an electrode, for the purposes of voltammetric 
investigation, is to achieve a stable monolayer film of electroactive and catalytically active 
enzyme molecules. The enzyme molecules must be orientated so that i) electrons are 
rapidly transferred to and from the electrode (i.e. high ks), and ii) substrate and product 
molecules can easily access the active site. Finally, if the aim of the exercise is to learn 
about the intrinsic properties of the enzyme, such as reduction potentials and catalytic 
activity, these must not be perturbed by the process of adsorption 14. Preliminary studies 
of a protein-electrode system are normally directed towards finding the optimum 
experimental conditions for the preparation of suitable protein films. As established in 
Section 1.3.1.2, the quality of the electrochemistry of a protein at an electrode can be 
improved by increasing the favourable interaction of the two surfaces. At this stage the 
specific protein-electrode system employed in this thesis deserves some attention. 
The working electrode is pyrolitic graphite that has been cleaved in the edge plane 
(PGE). Pyrolytic graphite is a deposition of carbon from the vapour phase that offers a 
large range of accessible potentials through a wide pH range. Theoretically it can be 
considered as a single crystal of layers of aromatic carbon, that can be cleaved in two 
planes: basal plane or edge plane. The basal plane of graphite is prepared by cleaving in a 
parallel direction to the layer of aromatic carbons. The surface produced contains few C-
o flinctionalities and provides an active surface for proteins that also have a 
"hydrophobic" surface. However, the edge-plane surface, prepared by cleavage in the 
perpendicular direction, has proved to be a better surface for flavocytochrome c3 and 
other large multi-subunit redox enzymes that have a charged surface, see Figure 1.23. 
The highly reactive carbon atoms with unsaturated valence, prepared by cleavage in this 
14 Clearly, if the main aim is electrocatalytic turnover, for the purposes of biosensors or 
biotransformations, then the aim is to achieve high turnover and the enzyme does not necessarily have to 








direction, can react with both oxygen and water to produce various carbon-oxygen 
functionalities (quinones, ketones, alcohols, aldehydes and carboxylates) that make this 
surface far less hydrophobic than the basal plane, with an overall negative charge. 
Figure 1.23: Crystal structure of flavocytochrome c3 showing the redox centres 
(magenta) and the cluster of negatively-charged residues (blue) surrounding the 
partially-exposed haem prosthetic groups (Taylor et al, 1999). Interaction of this 
enzyme with the negatively-charged PGE electrode involves electron transfer to the 
exposed haem edges, and onto the flavin active site that lies buried in the flavin 
domain. Good interaction of the haem domain and the PGE electrode requires 
positively-charged promotors to counteract the unfavourable electrostatics. 
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The electrochemistry of flavocytochrome c3 is observable in the absence of any 
polymyxin B sulfate but the use of a promotor, as in other cases, can improve the stability 
and activity of the enzyme film (reviewed in Guo & Hill, 1991). The impact of this 
promotor, along with other experimental variables, is discussed in Section 5.2.2. These 
include the temperature, potential and the nature of the enzyme sample (purity and 
concentration). The quality of the film is assessed in terms of the stability, electroactive 
enzyme surface concentration and catalytic properties of the enzyme film. 
Electroactive enzyme surface concentration, E 
The ideal situation for enzyme adsorption at an electrode is a complete monolayer. 
Extra layers would prevent ready access of substrate/product molecules to the active site 
of the highly electroactive enzyme molecules, closest to the surface. The total enzyme 
surface concentration, the number of enzyme molecules per unit area, corresponding to a 
monolayer may be estimated from the electrode surface area and the dimensions of the 
enzyme molecule if known". In the case of these experiments, the PGE electrode surface 
(0.0314 cm2, 2 mm diameter) and known unit cell dimensions for flavocytochrome c3 
(a = 77.7 A, b = 86.7 A, c = 211.2 A, V. = 2.8 A 3 Da' , Pealing et al., 1999) give 
theoretical values between 7 and 17 x 1012  mol cm 2. This range of expected surface 
concentrations represents the different orientations of the enzyme molecule at the 
electrode. The electroactive component of the enzyme surface concentration can be 
determined by non-turnover cyclic voltammetry. A high value, in agreement with the 
theoretical value indicates both a high total surface concentration and a low proportion of 
electroinactive molecules. The area of the non-turnover peak of the cyclic voltammogram 
is the total charge at the electrode and may be determined by the use of an in-house 
baseline-correction program (Heering, Inorganic Chemistry Laboratories, University of 
Oxford). The coverage is then calculated by equation 1.15, where the value should be 
independent of scan rate for an immobilised enzyme film. 
15 In the absence of known molecular dimensions the coverage may be estimated from the 




where, u is the scan rate (V/s), F is the Faraday Constant, i.e. the charge associated with 
I mole of electrons, A is the electrode surface area (cm 2),n is the number of electrons 
involved in the electrode reaction and for the convoluted peak of flavocytochrome c3 the 
value of n is 6. 
Stability 
The preparation of an electroactive and catalytically active film is one of the 
requirements for a successful voltammetric experiment. However it also necessary that 
the film should have sufficient stability to allow its voltammetric interrogation. The 
instability of the immobilised enzyme limits the timecourse and hence experiments that are 
possible. 
Catalytic activity 
Michaelis-Menten parameters for fumarate reduction by fiavocytochrome c3 are known 
for the enzyme in solution (Turner et al., 1999). Comparison of kinetic parameters for the 
enzyme film, determined from cyclic voltammetry under turnover conditions, is a good 
way to confirm that the intrinsic properties of the enzyme have been unaltered on 
immobilisation at the electrode. In order to extract the Michaelis-Menten parameters of 
fiimarate reduction from cyclic voltammetry in the presence of fumarate the contribution 
of other experimental conditions must also be taken into account. Therefore a model 
explaining the electron transport right through from the electrode to the substrate 
molecule must be considered. 
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1.3.4.2 Theoretical model for electron transport during catalysis 
The reaction scheme in Figure 1.24 shows the three-step sequence of electron 
transport between the electrode and substrate molecules during catalysis by an enzyme 
molecule immobilised at the electrode surface. Under steady-state conditions, equation 
1.16 represents the relationship between the resultant current and its three components. 
In order to examine the enzyme catalytic step, represented by cat,  it is necessary to also 
consider the impact of mass-transport of substrate molecules and interfacial electron 
transfer. 
Y,  = Xev +yi~' + Y'.' 	(1.16) 
where the value of I, the recorded faradaic current, is limited by three terms i c,t, reflects the 
enzyme catalytic step, 1Lev is dependent on the mass-transport of substrate molecules and i E 
is the interfacial electron transfer. 
Figure 1.24: Scheme showing the sequence of steps in electron transport between 
electrode and substrate molecules during catalysis by an enzyme molecule 
immobilised at the electrode surface. 
MOO 
Mass-transport of substrate 
The transport of substrate molecules between the enzyme and the bulk solution is 
controlled by the rotation rate of the electrode, and is described in the Levich equation, 
equation 1 .17, for a diffusion-controlled reaction. 
2, 	1/ 	I 
iLev = 0.62nFAD'3Cv 6 2 (1.17) 
where A is the electrode surface area (0.0314 cm 2), C is the bulk concentration of the 
substrate, v is the kinematic viscosity of the solution (typically 0.01 cm 2 s 1 for aqueous 
solutions), 0) is the electrode rotation rate (rad s 1 ), n is the number of electrons transferred, 
F is the Faraday constant, D is the diffusion coefficient. 
The electrode reaction is under mass transport control at very low rotation rates. To 
minimise the contribution of 1 /i 1 . to equation 1. 16, high rotation rates are required. 
Inter/adal electron transfer 
The electron transfer between the electrode and the primary entry/exit site of the 
enzyme is dependent on the potential. The Butler-Volmer equation, equation 1. 18, 
describes the case for diffusing redox couples if the bulk substrate concentration equals 
that at the electrode surface. 
-cezE(E-E) 7 	 (I-a)nF(E-E')/ } 
= flEA k[ F0 exp 	/RT} FR 	
/RT] 	
(1.18) 
where E is the applied potential (mV), E' is the appropriate apparent reduction potential in the 
system under the experimental conditions (mV), r'0 and FR are the respective surface 
concentrations of the oxidised and reduced forms of the enzyme (mol cm 2 ), x is the transfer 
coefficient, R is 8.314 J mol K, and k the exchange rate constant, represents the ease 
of electron exchange between the electrode and the enzyme. 
When the applied potential, E, is much more negative (or positive) than E', there is a 
high electrochemical driving force, I E - E' I , and only the reduction (or oxidation) 
components become significant. Under these conditions, equation 1. 18 can be simplified 
to equation L 19 and interfacial electron transfer, iE,  is maximised. 
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'E I =nFAFk1. 	 ( 1.19) 
where kE is the first-order electrochemical rate constant, and F = FO + FR- 
Enzyme catalysis 
The intrinsic catalytic properties of the enzyme in its reaction with substrate is 
reflected in i and is assumed to be independent of applied potential and electrode 
rotation rate. Equation 1.20 is analagous to the Michaelis-Menten expression, see 
Appendix 7.3 for its derivation. When the immobilised enzyme behaves as in solution, the 





In order to determine L, and hence the intrinsic catalytic properties of the enzyme, it 
is necessary to make 1/E and 1/i. both equal to zero. This corresponds to maximising 
both the interfacial electron transfer (with a high electrochemical driving force) and the 
transfer of substrate molecules from the enzyme to the bulk solution (at infinite rotation 
rate). When interfacial electron transfer, iE, is maximised, the electrode reaction, and 
hence current, is no longer controlled by the applied potential. The constant mass-
transport limited current, i1irn, observed under these conditions is described by equation 
1. 21, a simlplified version of equation 1.16 where the I /i F term has vanished. 
1/ = 1/ 	1/ 
/ I urn 	/" 'I.e 	'cal 
(1.21) 
In order to eliminate the l/ i ,e., term the current must come under catalytic rather than 
mass-transport control. This situation is approached as the rotation rate is increased 
towards infinity. However, since the current at infinite rotation rate cannot be physically 
measured it must be determined by extrapolation. The combination of equations 1.17, 
1.20 and 1.21 yields a form of the Kouteckv-Levich equation. 1.22, which describes the 
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variation of 1/ him  with (&h/2  for a specific substrate concentration 16 . The current at infinite 
rotation rate, L, is determined as the reciprocal of the intecept on the 1/hu m axis. 
XM
C+K= rn ± 
 flFA['k cat C 2, 	—1 	1, 0.62nFAD 3Cv 6& 2 
(1.22) 
Having determined icat 	at several substrate concentrations the apparent 
Michaelis-Menten parameters can then be determined by a plot of 1cat  against C, based on 
equation 1.20. The value of k is determined from the maximum value of i t by equation 
1.23, where the parameters for fumarate reduction by flavocytochrome c 3 are n = 2 and F 
is determined from non-turnover voltammetry, equation 1.15. 
'max = nFA ['k, 
	 (1.23) 
The theoretical model outlined above shows that Michaelis-Menten parameters, kcat 
and Km, can be derived from measured i1im  values at a number of electrode rotation rates 
and substrate concentrations. Hence any impact of immobilisation on the catalytic activity 
of the enzyme molecules can be assessed. 
1.4 Summary 
Haem and fiavin are two redox-active prosthetic groups that are incorporated into 
multi-centred redox enzymes. The combination of redox centres and the modification of 
their redox properties by the surrounding peptide environment gives the opportunity of 
control of enzymatic activity. The control of intra-molecular electron transfer is one way 
of ensuring the catalytic efficiency of the enzyme. As described in Section 1.2 the rate of 
electron transfer can be affected by thermodynamic and kinetic parameters. The study of 
electron transfer pathways in the potential domain, by redox potentiometry or cyclic 
16 The Koutecky-Levich treatment is only valid for first order processes. Its application to 
Michaelis-Menten kinetics is only an approximation (J. Electroanal. Chem., 351, 245-258). 
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voltammetry, can help to distinguish between thermodynamic and kinetic control 
mechanisms for intra-molecular electron transfer. This type of investigation is the focus of 
this thesis. 
Cytochrome cd1 is a nitrite reductase that contains two haems. The ligation of both 
haems is observed to differ in the crystal structures of the oxidised and reduced forms. 
The impact of this conformational change on the rate of inter-haem electron transfer is 
investigated in Chapter 3. Flavocytochrome P-450 BM3 is an unusual cytochrome P-450 
where the haem domain is physically linked to its diflavin reductase. Fatty-acid substrate 
binding induces a spin-state shift of the ferric haem iron. The impact of this substrate 
binding on the driving force of the reductase -> haem electron-transfer step is discussed 
in Chapter 4. Flavocytochrome c3 is a fumarate reductase. The thermodynamics of the 
electron-transfer pathway have been investigated by redox potentiometry and protein film 
voltammetry. The impact of the mutation of an active-site histidine (His 365) on the 
driving force of the haem -* FAD and FAD -> fumarate electron transfer steps is 
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Chapter 2 
Materials and Methods 
2 Materials and Methods 
2.1 Materials 
2.1.1 Growth media 
Terrific broth (growth medium for the expression of P-450 BM3 in E. col,) 
Tryptone 12g l 
Yeast Extract 24g 1' 
Glycerol 4 ml 1. ' 
K2HPO4 12.5g 1' 
KH2PO4 2.3g 1-1 
Luria broth/Ampicillin (growth medium for the expression of P-450 BM3 in 
E. coli) 
Tryptone 	 lOg 1' 
Yeast Extract 	 5g 1.1 
NaCl 	 lOg 1' 
Ampicillin was added immediately prior to use. The final concentration was 50 mg C. 
High salt Luria broth (growth medium for the expression of flavocytochrome c3 
in S. frigidimarina) 
Tryptone 	 1 Og F' 
Yeast Extract 	 5g 1. ' 
NaCI 	 lOg 1' 
MgSO4 	 6g F' 
Antibiotics were added immediately prior to use from stock solutions giving final 
concentrations of 50 mg 1' streptomycin sulfate, 50 mg F' kanamycin and 10 mg F' 
rifampicin. 
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2.1.2 Buffer solutions 
Affinity column equilibration buffer (pH 7.7) 
10 mM Phosphate buffer 
0.02 mM EDTA 
60 mg l' PMSF 
2' AMP solution 
0.84 g 2' AMP per 50 ml Affinity column equilibration buffer 
Sufficient K2HPO4, dibasic potassium salt to dissolve all AMP. 
Buffer A 
50 mM 	Tris.Cl (pH 7.5) 
1 m EDTA (pH 7.5) 
60 mg 1' PMSF 
Buffer B (pH 8.4) 
100 mM Hydrochloric acid (8.6 ml conc. HC1 I litre) 
100 mM Sodium chloride (5.63 g 1-1 ) 
A solution of 500 ml was titrated to pH 8.4 by the addition of Trizma base. The 
solution was made up in a 1 litre volumetric flask. 10 mM solutions were prepared by 
dilution and pH readjustment to the required value of 8.4. 
Fumarate reductase assay buffer 
50 mM Sodium hydroxide 
50 mM Hydrochloric acid 
20 mM Methyl viologen 




50 mM of each buffer 
TAPS (3 -[[tris(hydroxymethyl)methyl]amino]propanesulfonic acid) 
HEPES (N-(2-hydroxyethyl)piperazine-N-2-ethanesu1fonic acid) 
IVIES (4-morpholineethanesulfonic acid) 
PIPES (1 ,4-piperazinediethanesulfonic acid). 
200 .tg f' Polymyxin B sulfate 
0.1M 	NaCl 
A stock solution (250 mM each buffer material, 0.5 M NaCl and 1 g F' in polymyxin B 
sulfate) was prepared. Experimental electrolyte solutions (100 mIs at each required 
pH) were prepared by pH adjustment of 20 ml aliquots of the stock solution with 
concentrated NaOH or HC1. The resulting solution was diluted to lOOmI in a 
volumetric flask, and the pH confirmed at the experimental temperature i.e. 4°C or 
24 °C. 
Potassium phosphate affinity wash buffer (pH 7.7) 
200 mM Phosphate buffer 
0.4mM EDTA 
60 mg 1' PMSF 
Potassium Phosphate buffer, stock solution 
100 MM  K.2HPO4 solution, dibasic potassium salt 
100 mm KH2PO4 solution, monobasic potassium salt 
Titrate monobasic salt into dibasic salt until the required pH is obtained (calibrated at 
room temperature.) 
Storage buffer 
1 Volume Buffer A 
1 Volume Glycerol 
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2.2 Preparation of protein samples 
2.2.1 Flavocvtochrome P-450 BM3 
E. coil strains and plasmid vectors 
	
lacl E. coli strain TGI (supE, hsdA5, thi, A(lac-proAB), F' [traD36, proAB, 
1acZAMI5]) was used for all cloning work and for overexpression of intact P-450 
BM3 and its component diflavin haem domains. Strain BL21 (DE3) (hsdS, gal, 
[X.c11s857, indl, Sam7, nin5, /acUV5-T7 gene 1]) was used for expression of the 
FAD- and FMN-containing domains of P-450 BM3. The preparation of constructs for 
the overexpression of intact P-450 BM3 (constructs pBM23 + 25) and of its 
component diflavin (reductase - initiating methionine and residues 473-end; construct 
pBM27) and haem (P-450 - residues 1-472; construct pBM20) domains as published 
(Miles et al., 1992; Munro et al., 1996). The preparation of constructs encoding the 
FAD (residues 654-1048) and FMN (471-664) domains has been outlined 
(Govindaraj and Poulos, 1997). Mutant F87G was created by oligonucleotide-
directed mutagenesis of wild-type cyp 102 (Zoller & Smith, 1987) and the Kunkel 
method of non-phenotypic selection (Kunkel, 1985). In all cases, expression is from 
inducible promoters (lac for intact P-450 BM3 and haem domain, tac for diflavin 
domain and T7 for FAD and FMN domains). 
Growth of E. coli cells 
Intact flavocytochrome P-450 BM3 and its component haem and diflavin domains 
were overexpressed as outlined previously (Miles et al., 1992). Overexpression of the 
FAD and FMN domains was carried out as already described (Govindaraj and Poulos, 
1997). Starter cultures of K coli were prepared by innoculation of 10 mis of 
Luria broth-Ampicillin (LB.Amp) with single colonies from Luria agar plates. The 
cultures were grown up overnight in a shaker-incubator at 37 °C. Litre flasks 
containing 500 ml L.B.Amp were innoculated with an aliquot of the starter culture. 
IPTG addition (500p.tg m14 final concentration) was made to cultures grown at 37°C 
in Terrific Broth at an O.D. at 600nm of Ca. 1.0. Cells were harvested after a further 5 
to 8 hours by centrifugation (15 mins, 9000 rpm, 4 °C) in a Sorvall RC-5B centrifuge 
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using a GSA head. The harvested cells were washed and repelleted (15 mins, 
9000 rpm, 4 °C) and, if necessary, stored as frozen cell pellets prior to protein 
purification. 
Protein purification 
Intact cytochrome P-450 BM3 and its component haem and diflavin domains were 
purified as outlined previously (Miles etal., 1992). Purification of the FAD and FMIN 
domains was earned out as already described (Govindaraj and Poulos, 1997). The 
procedures are summarised in Table 2.1. 
Table 2.1: Summary of purification procedure of flavocytochrome P-450 BM3 and its 














Intact P-450 BM3 30 - 60% 1 2 -- -- 3 
Haem domain 30 - 60% 1 -- 2 -- 3 
Reductase domain 30 . 60 % 1 2 -- -- 3 
FAD domain 0-60% 1 2 -- -- 3 
FMN domian 1 0 - 60% -- -- 2 -- 
where, DEAE column is DEAE-Sephacel; Affinity column is 21 51 ADP-Sepharose, 
HA column is Hydroxyapatite, Gel column 1 is Sephacryl S-100HR, and Gel column 2 is 
Sephacryl S-300HR. 
Cells were resuspended in a minimal volume of ice-cold Buffer A. Lysis of the cells 
was achieved by somcation. The sample, kept on ice, was subjected to sonication over 
a 6 minute period. Typically, the soriication was delivered as a series of 20 second 
bursts separated by 20 seconds of rest, to minimise heating. Following cell lysis, the 
cell debris was removed by centrifugation (15 mins, 18000 rpm, 4 °C) using a SS-34 
rotor (Sorvall Instruments). 
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Protein was precipitated from the supernatant, kept on ice, using ammonium 
sulfate. The volume of the supernatant was measured accurately and ammonium 
sulfate was slowly added, with stirring, to the required final concentration (Dawson et 
al., 1986). The precipitate was pelleted by centrifugation (15 mins, 18000 rpm, 4 °C). 
The 0 - 60 % ammonium sulfate pellet was the starting point for the purification of 
the FAD domain and the FMN domain. An additional ammonium sulfate step was 
required for the intact holoenzyme, reductase domain and haem domain, slowly 
bringing the supernatant of the 0 - 30 % ammonium sulfate saturation to a final 
saturation of 60 %. The 30-60 % ammonium sulfate pellet was the initial starting 
point for the purification of these E. co/i transformant extracts. The proteins could be 
stored as the frozen ammonium sulfate pellets at this stage. 
The ammonium sulfate pellet was resuspended in ice-cold Buffer A. Overnight the 
sample was dialysed versus a large volume of Buffer A and a DEAE-Sephacel column 
was equilibrated with Buffer A. The dialysed protein sample was centrifuged to 
remove solid particles (15000 rpm, 15 mins, 4 °C). The supernatant was loaded onto 
the DEAE column at a rate of ca. 20 ml / hour. After column washing (Buffer A, Ca. 
3 hours), the enzyme was eluted from the column with a salt gradient in Buffer A 
(rising from 0 to 500 mM KCI over 500 mis at a rate of 20 ml! hour). The most 
intensely coloured fractions, eluting at around 300 mM KC1, were pooled. 
At this point the next column required depends on which enzyme is being purified. 
Intact P-450 BM3, Reductase domain and FAD domain fractions were dialysed 
versus a large volume of affinity column equilibration buffer overnight. A column of 
2'5'ADP-Sepharose was simultaneously equilibrated overnight in the same buffer. 
The dialysed sample was centrifuged (15 mins, 18000 rpm, 4 °C) to remove solid 
particles. The supernatant was loaded onto the column at Ca. 20 ml / hour. The 
column was washed first with affinity column equilibration buffer for 3 hours or more, 
and then with potassium phosphate affinity wash buffer. The protein was eluted from 
the column with 50 mIs of a 2'AMP solution, a NADPH analogue, (50 mM solution 
in equilibration buffer). The most intense fractions were pooled and dialysed overnight 
versus Buffer A. 
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The haem-domain protein fractions were dialysed overnight against a large volume 
of 25 mM phosphate buffer (pH 6.5). A hydroxyapatite column was also equilibrated 
overnight in the same buffer. The dialysed haem domian was centrifuged (15 mins, 
18000 rpm, 4 °C) and loaded onto the column. After column washing, in the 25 MM 
phosphate buffer, the protein was eluted with a gradient rising to 500 mM phosphate 
over 500 mls buffer. The most intense fractions were pooled and dialysed overnight 
versus Buffer A. 
A final gel filtration step was used to remove minor contaminating protein species 
from the four proteins above. A Sephacryl S-300HR column was equilibrated with 
four column volumes of Buffer A. The dialysed protein sample was loaded and the 
most intensely-coloured fractions pooled. 
FMN-domain fractions were dialysed overnight against a large volume of Buffer A. 
A gel filtration column, Sephacryl S-bOHR, was equilibrated with four column 
volumes of Buffer A. The dialysed protein was loaded onto the column and the most 
intense fractions were pooled. 
All proteins were stored at - 20 °C after dialysis into a 550 x volume of Storage 
buffer, containing 50 % glycerol and protease inhibitors. Enzyme concentrations were 
estimated from UV-Vis spectrophotometry based on published extinction coefficients 
(Li et al., 1991; Omura & Sato, 1964; Klein & Fulco, 1993; Govindaraj & Poulos, 
1997). 
2.2.2 Flavoctochrome C3 
S. frigidimarina strains and plasmid vectors 
Shewanella frigidimarina strain NCIMB400 was used for the expression of native 
fiavocytochrome c3 (Morris et al., 1994). The mutant enzyme, H365A Fcc 3, was 
generated by site-directed mutagenesis by Dr. Caroline Miles (University of 
Edinburgh) using the method described by Kunkel and Roberts (1987). fccA was 
cloned into the phagemid vector pTZ18R (Rokeach et al., 1988) on a Ca. 1.8 kbp 
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EcoRllHindffl fragment (Gordon et al., 1998) to provide the template. 
The mutagenic oligonucleotide, 5 'GTATATCCAAGCTGCTCCAACACTATCTG, 
was used where mismatched bases are underlined. Mutants were screened by dideoxy 
chain-termination sequencing (Sanger et al., 1977) using the Sequenase version 2.0 
kit (United States Biochemicals). H365AJccA was fully sequenced to ensure that 
there were no secondary mutations. To enable expression ofH365A Fcc 3 , the mutated 
gene was cloned into the broad-host expression vector pMMB503EH (Michel et al., 
1995) on a -1.8 kbp EcoRllHindffl fragment to give pCMI5. E. coli SM1O (Simon 
et al., 1993) was transformed with pCM15 and the plasmid was transferred to the 
4fccA S. frigid/marina strain EG301 (Gordon et al., 1998) by bacterial cell mating. 
Growth of S. frigidimarina cells 
Flavocytochrome c3 from Shewanella frigid/marina NCIMB400 was purified 
according to the method of Pealing and co-workers (1995). Starter cultures of native 
flavocytochrome c3 were prepared by innoculation of 150 ml samples of High salt 
Luria broth (High Salt LB.) with single colonies from Agar plates. The starter 
cultures were grown up overnight in a shaker-incubator at 23 °C. Flasks (1 litre) 
containing 500 ml High salt L.B. were innoculated with the starter culture and grown 
up for two days. Then High Salt LB was added to bring the final volume to 1.4 litre, 
making the conditions semi-anaerobic, and aliquots of sterile 1 M stock solutions of 
flimarate and lactate were added to give a final concentration of 10 mM and 20 mM 
respectively. The flasks were left to stand for 2 days. 
Starter cultures of mutant forms of flavocytochrome c3 expressed in 
S. frigidimarina were prepared by innoculation of 150 ml samples of High salt L. B. 
with single colonies from Luna agar plates. The starter cultures were grown up in a 
shaker-incubator at 23 °C until the O.D. was Ca. 0.6-0.8. Flasks (1 litre) containing 
500 ml High salt L.B. were innoculated with the starter culture. After 5 hours, the 
flasks were topped up to 1 litre with more High Salt LB. When the 0.13 had reached 
Ca. 0.6-0.8 the enzyme expression was induced by the addition of IPTG to a final 
concentration of 250 .tg ml'. The cells were allowed to grow for at least 8 hours 
before harvesting by centrifugation (20 mm, 9000 rpm, 4 °C) in a Sorvall RC-5B 
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centrifuge using a GSA head. The harvested cells were stored as frozen cell pellets 
prior to protein purification. 
Purification of flavocytochrome c3 
Wild-type native enzyme and mutant enzymes were purified by the procedure 
summarised in Table 2.2. 
Table 2.2: Summary of the purification procedure of native and recombinant forms of 
flavocytochrome c3. Details found in the text. 
Ammonium Column 1 Column 2 Column 3 
Sulfate pellet (Optional) 
35-100% DE-52 Hydroxyapatite FPLC 
Anion-Exchange MonoQ 
The wet cell pellet was resuspended in Buffer B (pH 8.4). Cell lysis was initiated 
by stirring with lysozyme for 30 minutes at 4 °C, and followed by sonication. To 
mimimise heating, and hence enzyme degradation, the sample was kept on ice and the 
sonication was delivered in short bursts with rest intervals (typically 20 secs 
sonication, 20 secs rest, applied over 6 minutes). The cell debris was removed by 
centrifugation (15 mins, 18000 rpm, 4 °C). The supernatant was taken to 35% 
ammonium sulfate and stirred for over 3 hours at 4 °C; long times were required to 
minimise the flavocytochrome c3 content of the 0 - 35 % pellet. After centrifuagtion 
the supernatant was taken to 100% ammonium sulfate saturation and stirred for 
1 hour. This 35 - 100% ammonium sulfate pellet, collected by centrifugation, could be 
stored in the freezer. 
The ammonium sulfate pellet was resuspended and dialysed overnight in Buffer B. 
The protein was purified by two (or three) chromatographic steps. Firstly, it was 
loaded onto a DE-52 column pre-equilibrated in Buffer B. The column was washed 
with Buffer B, for at least three column volumes. Then the protein was eluted by a 
step gradient of 0 to 0.5 M NaC1 over approximately 400 ml of Buffer B. Fractions 
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with A/A 280 greater than 2.5 were pooled and dialysed overnight in Buffer B. The 
solution was loaded onto a hydroxyapatite column, pre-equilibrated in Buffer B, and 
washed with at least three column volumes of the same buffer. The protein was eluted 
with a step gradient of 0 to 0.5 M KH2PO4 over approximately 400 ml Buffer B. 
Fractions with A 8IA 280  greater than 3 and flimarate reductase activity, see below, 
were pooled and dialysed overnight into Buffer B. Protein samples for redox 
potentiometry were frozen at this stage. 
Samples for protein film voltammetry and steady-state kinetics were further 
purified with an additional MonoQ column. The column was pre-equilibrated in 
MonoQ-equilibration buffer. The maximum protein loading on the 3 ml column was 
25mg. The protein was eluted with High salt equilibration buffer (0 to 1 M NaCl salt 
gradient over 20 column volumes). Fractions with with A 408/A 280 greater than 4 and 
fumarate reductase activity, see below, were pooled and dialysed overnight into 
Buffer B. Alternatively the buffer could be exchanged by running the fractions 
through a G-25 gel filtration column. 
Protein concentrations were determined using the Soret band extinction 
co-efficient of the reduced enzyme, 752.8 mM' cm' at 419 nm (Pealing ci al., 1995). 
The flavocytochrome c3 content and purity of enzyme fractions, at various stages in 
the purification process was also monitored by measurement of the fumarate 
reductase activity. Enzyme activity was measured by the loss of absorbance at 600 
nm, due to the anaerobic fumarate-dependent reoxidation of reduced methyl viologen 
by an adaptation of the technique described by Thorneley (1974). The extinction 
coefficient for methyl viologen at this wavelength is 13,000 M' cm'. The assay was 
carried out at 25 ± 2 °C, within a Belle Technology glove box under a nitrogen 
atmosphere, with oxygen maintained at less than 5 ppm. The loss of absorbance was 
monitored on a Shimadzu 2101 UV-Vis spectrophotometer contained within the 
anaerobic environment. The cuvette was filled with 3 ml flimarate reductase assay 
buffer (pH 7) containing 6 mM fumarate, this substrate concentration is well in excess 
of saturating conditions (K 36 ±8 tM at pH 7; Turner ci al., 1999). Sodium 
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dithionite (25 mM in 10 mM NaOH) was added to give an A 600 of 1 after mixing by 
inversion. The background activity was measured for 2 mins before the reaction was 
started by the addition of flavocytochrome c3 (final concentration of 0.5 p.M). 
2.3 Redox potentiometry 
Redox titrations were conducted within a Belle Technology glovebox under a 
nitrogen atmosphere, with 02  maintained at less than 5 ppm. The sample solution was 
made up in 0.1 M phosphate buffer (pH 7.0) and contained protein and a combination 
of soluble mediators covering the appropriate potential range, summarised in 
Table 2.3. 
Table 2.3: Summary of soluble mediators and their formal reduction potentials (pH 7.0, 
25 °C, unless otherwise stated). Data cited in Clark (1960) unless otherwise stated: (a) is 
Dawson et al., 1986; (b) is Lowe & Clark, 1956. 
Mediator Full Name E (mV vs. SHE) 
Methyl Viologen N/A -440 
Benzyl Viologen N/A -359 
AQS Anthraquinone-2-sulfonate -225 
FMN Flavin mononucleotide -219 (a) 
HINQ 2-hydroxy-2,4-napthaquinone -152 
PES Phenazine ethosulfate +55 




The solution was titrated electrochemically according to the method of Dutton 
(1978) using sodium dithionite as reductant (unless otherwise stated) and potassium 
ferricyanide as oxidant. After each addition (reductive or oxidative) 10-15 mm 
equilibration time was allowed. Spectra were recorded on a Shimadzu 1201 UV-Vis 
spectrophotometer (typically between 400 and 800 nm) contained within the 
anaerobic environment. The electrochemical potential of the sample solutions was 
monitored using a CD740 meter (WPA) coupled to a Pt/calomel electrode (Russell 
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pH Ltd.) at 25 ± 2 °C. The electrode was calibrated using the Fe"/Fe" EDTA couple 
as a standard (+108 mV vs. SHE) and all values are reported versus the standard 
hydrogen electrode. All data manipulations and non-linear least squares curve fitting 
of electrochemistry data was conducted using Origin (Microcal). 
2.3.1 Titration of cytochrome cd, 
The cytochrome cc!1 holoenzyme from Tpantotropha was a gift from Dr. Stuart 
Ferguson (University of Oxford). Titrations of Ca. 3 p.M solutions were carried out at 
pH 7.0, at 20 °C and at the higher temperature of 40 °C. In both cases 15 p.M of each 
mediator was added AQS, HNQ, PES, PMS and DAD. The latter was added from a 
stock solution in 33% ethanol. The 8 ml solution was titrated using NADH 1 or 
sodium dithionite as reductant and potassium femcyanide as oxidant. Long 
equilibration times were required between each data point at both temperatures. 
Two titrations were performed at 20 °C. Enzyme was initially titrated in the 
reductive direction using either NADH or dithionite as reductant. The enzyme was 
fully reduced at ca. - 300 mV vs. SHE and was then reoxidised with ferricyanide up 
to potentials of ca. + 100 mV vs. SHE. The holoenzyme was cycled between its fully 
oxidised and reduced states, typically three times (with negligible signs of enzyme 
denaturation) to confirm that observed differences in the reductive and oxidative 
directions were reproducible. 
The potentiometric titration was also repeated at 40 °C, with NADH as a 
reductant, in a conical flask, placed on a magnetic stirrer hotplate. The temperature 
was maintained at 40± 2 °C by means of a thermocouple in the conical flask. 
1 Efficient reduction of the enzyme was achieved with addition of NADH aliquots to the 
enzyme solution containing mediators, including PMS (Robinson etal., 1979). 
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2.3.2 Titration of flavocytochrome P-450 BM3 and its constituent 
domains. 
The redox titration of intact P-450 BM3 and its constituent domains used 
concentrated (degassed) enzyme samples that were passed through an anaerobic 
Sephadex G25 column (1 x 20 cm) immediately on admission to the glove box 
thereby removing all traces of oxygen. The column was equilibrated and enzyme 
eluted with 0.1 M phosphate buffer (pH 7). Mediators were introduced prior to 
titration, typically 5 j.tM HNQ, I .tM benzyl viologen, 1 .tM methyl viologen within 
sample volumes of 3 to 10 ml. For redox titration of the haem domain in the presence 
of substrate, the substrate was titrated into the enzyme solution while the change in 
spin-state was monitored spectrophotometrically. Substrate was added until no further 
change in the visible spectrum occurred. The substrates used were palmitate and 
arachidonate, added in il amounts from concentrated solutions in 50/50 
methanol / ethanol. Redox titrations of substrate/enzyme mixtures were conducted as 
described above. 
2.3.3 Titration of flavocytochrome c 3 
The redox titration of flavocytochrome c 3 was carried out on a 10 jilvl enzyme 
solution (10 ml) with AQS, benzyl viologen, methyl viologen, FMN, PMS and HNQ 
as mediators. Two separate experiments were undertaken. Firstly, a reductive 
titration, where the initial titration was in the reductive direction. The few spectra 
recorded during reoxidation indicated a minor amount of degradation throughout the 
course of the experiment. However, the reversibility of the process was confirmed by 
an oxidative titration, on a separate occasion. This experiment involved the quick and 
complete reduction of the enzyme sample before the gradual oxidative titration was 
conducted. In both experiments the extent of haem reduction was monitored by the 
changes in the UV-vis absorbance spectra. 
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2.4 Flavocytochrome c3 film voltammetrv 
2.4.1 Electrochemical set-up 
Electrochemical studies were performed with a mixed buffer system of 50 mM 
TAPS, HEPES, MIES, PIPES, an additional supporting electrolyte of 0.1 M NaCl and 
200 .tg F' polymyxin B sulfate. The polymyxin is a co-adsorbate which has previously 
been shown to induce strong adsorption of ferredoxins at a PGE electrode (Hayashi & 
Suzuki, 1965; Armstrong et a!, 1989; Butt et al., 1991, 1993). All buffers were 
titrated to the required pH with NaOH or HC1 at 25 °C. The pH values of final 
solutions were checked at the experimental temperatures. 
The all-glass voltammetric cell consisted of a sample compartment equipped with a 
circulating jacket for thermostatting (Sucheta etal., 1993). It was housed in a Faraday 
cage contained within an anaerobic glovebox (Vacuum atmospheres) supplied with a 
nitrogen atmosphere and maintaining 0 2 at less than 2 ppm. The working electrode 
was a rotating-disk electrode (RDE). A small cylinder of pyrolytic graphite 
(geometrical area of 0.03 cm) was cut so that the ends exposed the "edge" plane and 
then mounted in a Teflon sheath enclosing a brass contact rod. The sheath was 
matched for compatibility with the cell and featured a ferrule equipped with a grub 
screw for rapid attachment to the EG & G M636 electrode rotator. The counter 
electrode was a piece of platinum wire and a Fisher saturated calomel electrode (SCE) 
was held in a Luggin side arm containing 0.1 M NaCl. All potentials given are with 
reference to the standard hydrogen electrode (SHE); the values are based on 
E' (SCE) = 241 mV at 25 °C (Bard & Faulkner, 1980). Voltammetry was performed 
with an Autolab electrochemical analyser (Eco Chemie, Utrecht, The Netherlands) 
controlled by GPES software and equipped with an analogue Scan Generator and an 
Electrochemical Detection (increased sensitivity) module. 
2.4.2 Enzyme Film preparation 
For each experiment, the working electrode was polished with an aqueous slurry of 
1.0 gm alumina and sonicated thoroughly. Aliquots of enzyme were added to the 
electrolyte to give a final concentration of 0.4 .tM flavocytochrome c3 . Film formation 
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was initiated at 4 °C, with the electrode rotating at 200 rpm and with a fixed potential 
of— 640 mV for 30 secs. Film formation was then monitored by cycling at 100 mV s ' 
over the range + 240 to - 640 mV until no further development of the signal was 
observed. This process typically took seven minutes following which voltammetric 
investigation of the enzyme film at 4 °C could begin. Cyclic voltammograms were 
obtained at 24 °C by rapid re-equilibration of the same electrode-cell system through 
its reconnection to a second thermostat external to the glovebox. 
The higher temperature was used to obtain reduction potentials and higher activity 
catalytic data that could be compared directly with the potentiometric and steady-state 
solution measurements. Preparation of enzyme films at 24 °C led to significant film 
denaturation before reliable non-turnover voltammetry could be recorded. The film 
preparation at 4 °C, with rapid reequilibration at the higher temperature of 24 °C, 
proved to be more successful in achieving stable and active films, especially at the 
lower pH values. 
2.4.3 Non-turnover vottammetry of the flavocvtochrome c 3 film 
The non-turnover voltammetry of flavocytochrome c3 was investigated throughout 
the pH range 5 to 9 and at 4 °C and 24 °C. Non-turnover voltammograms were 
obtained from individual films, each prepared at 4 °C and rapidly re-equilibrated at 24 
°C. They were corrected for background current using a cubic splines interpolation 
with fast Fourier transform smoothing (Heering etal., 1997). 
2.4.4 Fumarate reductase activity of the flavocytochrome c 3 film 
The fumarate reductase activity of the adsorbed flavocytochrome c3 was studied 
over a range of fumarate concentrations at 24 °C, pH 7.0. A fresh film was prepared, 
at 4 °C, for each fumarate concentration and the electroactive enzyme concentration 
at the electrode surface (the 'electroactive coverage') was determined by integration 
of the non-turnover signals (see Section 5.2.3.1). On addition of the required level of 
flimarate the limiting current was recorded at - 640 mV for several rotation rates 
(2500 to 450 rpm) first in decreasing rotation rate and then repeated in increasing 
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order. The average of the two values for each rotation rate was used 2. Following data 
acquisitions, fresh substrate-free electrolyte was introduced into the cell and the 
coverage was remeasured. 
The maximal Ilimarate reductase activity of the immobilised enzyme was measured 
at four pH values at 4 °C. Fresh enzyme films were prepared and fumarate was added 
to give a concentration of 200 jiM (several-fold higher than Km). The maximum 
current (2500 rpm) at - 640mV was measured in each case. 
2 The loss in overall activity of the enzyme film was estimated at < 20 %. 
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3.1.1 The nitrogen cycle 
Nitrogen is an essential part of the growth and reproduction of many organisms, 
both eukaryotic and prokaryotic, where it is found in amino acids, nucleotides, DNA, 
porphyrins, coenzymes, and proteins amongst others. These forms of organic 
nitrogen, containing C-N bonds, are largely derived from an inorganic form of 
nitrogen, ammonia. This is the only form of inorganic nitrogen that is utilizable by all 
organisms. The essential conversion of the abundant forms of inorganic nitrogen, 
dinitrogen gas and soil nitrate, to ammonia is the function of plants and bacteria. The 









Figure 3.1: Simplified nitrogen cycle (modified from Ferguson, 1998). 
The anabolic process begins with biological reduction of dinitrogen by certain 
nitrogen-fixing bacteria that contain the nitrogenase system. At this point the 
ammonia product can be directly incorporated into biological material. However 
nitrification can also follow whereby ammonia is sequentially oxidised to nitrite (NO 2 ) 
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action of Nitrosomonas and Nitrobacter bacteria and provides nitrate as the nitrogen 
source for plant growth. The ammonia can be reintroduced into the cycle by decaying 
biological material and the reduction of nitrate to ammonia is widespread among both 
plants and microorganisms. However, the sequence of reductive steps from nitrate to 
nitrogen are almost completely the preserve of the denitrifying bacteria 1 . 
The nitrogen cycle contains a wealth of multi-centred redox enzymes. The redox 
reactions within bacteria, except for nitrogen fixation, are associated with 
electron-transfer systems of cytoplasmic membranes and hence ATP synthesis. 
Nitrogenase, on the other hand, requires a high investment of ATP and is an excellent 
example of the strict control of intra-molecular electron transfer by redox-linked 
conformational changes (reviewed in Ferguson, 1998; Sharp & Chapman, 1999). This 
chapter is concerned with the control mechanism of intra-molecular electron transfer 
in another multi-centred redox enzyme involved in the nitrogen cycle, cytochrome cd1 
from T pantotropha. 
3.1.2 Nitrite reduction by cytochrome cd1 enzymes 
The reduction of nitrite to nitric oxide, carried out in certain denitrifying bacteria is 
described in equation 3.1. 
NO + 2H + e —* NO + F12 0 
	
(3.1) 
There are two types of disimmilatory nitrite reductase: copper nitrite reductase and 
cytochrome cd1 enzymes (reviewed by Ferguson, 1998). The copper and haem 
enzymes show some similarities such as their use of two metal sites i.e. electron-entry 
site and active site, Figure 3.2. However the different binding modes of the nitrite at 
the active-site metal, via nitrogen or one of the two oxygens in the the haem and 
copper enzyme respectively, points to different mechanisms. 
1 It has recently been shown that eukaryotic cells can also carry out the denitnfication steps 
in the nitrogen cycle where some fungi can catalyse reduction of nitrate to nitrous oxide 
(Kobayashi etal., 1996). 
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Figure 3.2: Crystal structure 01 oxidised cytochrome Cd1 from T pantotropha showing 
the two haem cofactors (Baker et al., 1997). Electrons enter the enzyme at the c-type 
haem (red) and reach the d1-type haem active site (green) through an inter-haem 
electron-transfer step. Axial ligands of the haems are also shown: histidine (blue) and 
tyrosine (magenta). 
Cytochromes cd1 are dimeric enzymes located in the periplasm of several different 
denitrifying organisms including P. aeruginosa, P. stutzeri and T. pantolropha2 . The 
enzyme from P.aeruginosa, the most widely-studied cytochrome cd1 , was originally 
classified as a cytochrome oxidase capable of the reduction of oxygen to water (Horio 
et al., 1961). However, Yamanaka and co-workers also noted nitrite reduction and 
established that both demtrification and oxygen reduction were due to a single enzyme 
(Yamanaka el al., 1961; Yamanaka & Okunuki, 1963). The physiological function 
was later determined to be nitrite reduction, given the relative activities of the enzyme 
and the observation that the enzyme is only expressed under anaerobic conditions in 
2 The cytoctirome cd1 from I pantotroptia is virtually identical to the corresponding nitrite 
reductase from P. denitrificans; 97% identity of the mature protein sequence and 94% 
identity in the coding regions (Baker etal., 1997; F(1lop etal., 1995). 
the presence of nitrate (Yamanaka et al., 1963). This deduction led to the 
reclassification of the cytochrome cd1 enzymes as nitrite reductases. The dual function 
of the enzyme also gave support to the hypothesis that the cytochrome oxidases 
involved in the oxygen-reducing respiratory chains have developed from the more 
primitive anaerobic, denitrifying respratory systems  (Saraste & Castresana, 1994). 
The redox proteins, cytochrome c551 and azurin, are expressed under the same 
conditions as the denitrifying enzymes for which they act as physiological electron 
donors, Table 3.1 (Horio et al., 1961). The electron-transfer pathway proceeds from 
the physiological electron donor through the c-type haem and then via an 
intra-molecular electron transfer to the dl -type haem (Hono et al., 1961; Parr et a!, 
1977; Silvestrini et al., 1990; Williams et al., 1997). The nitrite reductases from 
P.stutzeri, P. aeruginosa, T pantatropha and P. denitrifcans show many similarities 
in terms of their structure and function. However, as discussed below, there are some 
significant differences between the P. aeruginosa and T pantotropha enzymes. The 
impact of these structural differences on the function of the enzyme, including the 
electron-transfer pathway, may reflect the evolution of the cytochrome cd1 enzyme to 
give some catalytic advantage (Cheeseman et al., 1997). 
3.1.2.1 Redox-linked conformational changes in two cytochrome cd 
enzymes 
The enzymes from P. aeruginosa and T. pantotropha both have similar sequences, 
incorporating the Cys X X Cys His motif that achieves the covalent-binding of the 
c-haem (Cheeseman et al., 1997; Yamanaka & Okunuki, 1963). The more unusual 
d1 -haem is non-covalently bound, and may be removed by acidified acetone treatment 
(Hill & Wharton, 1978). The semi-apoform produced by this method, shows typical 
characteristics of a c-type cytochrome. The unusual electronic state of the d1 -haem, 
induced by the partial-reduction of the porphyrin ring, gives rise to its own 
characteristic signals in EPR, MCD and TJV-visible spectrophotometry, as described 
Since nitric oxide was present in the early atmosphere of the earth it is assumed that 
denitnfication processes predate aerobic respiration. 
in Section 1.1.1, (Cheeseman etal., 1997; Sutherland etal., 1986). The axial ligation 
of each haem has also been investigated by these techniques, and the assignment has 
been supported by the results of X-ray diffraction studies. The structure of oxidised 
cytochrome cd1 from T pantoiropha has been published at 1 .55A by Fulop and 
co-workers (1995) and 1.28A by Baker and co-workers (1997), Figure 3.2. The 
structure of the reduced enzyme has been published in the presence/absence of nitrite 
at ~: 1.6A by Williams and co-workers (1997). The axial ligation of both haem irons is 
compared to the situation found in the cytochrome cd1 enzyme from P. aeruginosa 
(Nurizzo ci al., 1997) in Figure 3.3. The two enzymes have a common reduced state 
and similar axial ligation of the d 1 -haem in the oxidised state. However, the His / His 
ligation of the c-type haem found in the crystal structure of the T paniotropha 
enzyme was completely unpredicted. 
Fhis-- his- his 
T. pan totropha 
Ak 
Ehis - C - met :_ 1 Common reduced state 
FChis-- met - his 
P. aeruginosa 
Figure 3.3. The impact of oxidation state on the axial ligation of the c- and d1-haems 
of the cytochrome cd1 enzymes from P. aeruginosa and T. pantoropha (modified from 
Ferguson, 1998). Binding of nitrite substrate occurs with the common reduced state. 
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A redox-linked conformational change occurs for both enzymes. This means that 
the axial ligation of the d 1 -haem depends on its oxidation state, and conversely the 
reduction potential depends on the nature of the axial ligands. The oxidised d1 -haems 
experience a similar axial ligand field strength in both enzymes, although one axial 
ligand differs (OH / His and Tyr / His), resulting in the same low-spin a-band 
(Cheeseman el at, 1997). On reduction the OH I Tyr ligation is removed and a vacant 
coordination site is made available for substrate binding. 
In the P. aeruginosa enzyme the hydroxide ion ligand is hydrogen-bonded to a 
tyrosine that, on reduction, rotates around the C3-Cy bond resulting in a 4.2 A shift of 
its hydroxyl group away from the active site and the removal of the axial hydroxide 
ligand. (Nurizzo ci al., 1998). The authors have also demonstrated that the 
conformational change is triggered by the reduction of the d1 -haem, and not the 
c-haem (1999). They proposed that the weakening of the iron-hydroxide bond is 
associated with either the lower affinity of hydroxide ion for ferrous iron (than ferric 
iron), or a redox-state dependent change of the pK of His 369 that perturbs the 
hydrogen-bondong network. Tyr 10, that is hydrogn bonded to the hydroxide, is part 
of the N-terminal stretch of the other monomer (residues 1-29). This "domain 
swapping" creates a situation whereby the conformational change induced by d 1 -haem 
reduction of one monomer affects the environment of the d1 -haem in the second 
monomer. This is consistent with the positive cooperativity observed between 
monomers (Blatt & Pecht, 1979), discussed in Section 3.1.2.2. 
In the oxidised form of the T. pantotropha enzyme the d1 -haem is directly 
coordinated to a tyrosine of the c-haem domain of the same monomer. In addition, 
and a great surprise from the crystal structure, the oxidised c-haem has His / His 
ligation 4.  On reduction of the 1 paniotropha enzyme the axial ligations of both haems 
change. The two axial ligands that are displaced on reduction, Tyr 25 (d 1 -haem 
ligand) and His 17 (c-haem ligand), are only separated by a short length of 
It has been unequivocally shown that the unexpected axial ligation of the c-haem in the 
oxidised enzyme of T. pantotropha is also present in solution (Cheeseman et al., 1997) 
polypeptide, Figure 3.4. In addition, the positioning of the new c-haem axial ligand, 
Met 106, involves a loop movement that disrupts the extensive hydrogen-bonding 
network between the two domains. The interaction of the the c- and d1 -haems within 
one monomer, in the form of the short linker (between Tyr 25 and His 17) and the 
hydrogen-bonding network, provides a mechanism by which haem cooperativity 
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Figure 3.4: Crystal structure of the oxidised form of cytochrome cdi from 
I pantofropha (Baker et al., 1997). The c-type haem is shown in red and is 
His I His ligated. The d1 -type haem is shown in green and is ligated by a tyrosine and a 
histidine. Importantly, Tyr 25 is actually part of the sequence for the c-domain and only 
seven residues separate it from His 17. This is one mode of interaction between the 
two haems. 
although debate continues as to whether the observed oxidised form is a resting state that 
must be activated by the histidine-to-methionine ligand swap. 
Such a His-Met ligand swap is associated with a redox-change of a mutant of yeast 
iso-1-cytochrome c, Phe 82 His I Cys 102 Ser, (Feinberg et al., 1998) and has also been 
observed in the final stages of cytochrome c folding (Elove et aI.,1994; Colon et al., 1996; 
Yeh etal., 1997). 
As explained above, the cytochrome cd1 enzymes from P. aeruginosa and 
T. pantotropha both undergo redox-linked conformational changes. It has been 
proposed that the function of this change on reduction is to control the accessibility of 
the d1 -haem distal pocket to the substrate, preventing free access until the right point 
in the catalytic cycle (Nurizzo et al., 1998 and 1999). In addition, in the 
T. pantotropha enzyme the tyrosine ligand of the d 1 -haem has also been implicated in 
a control mechanism that prevents the enzyme being trapped in a catalytically inactive 
form (FUlop et al., 1995; Williams et al., 1997). These authors noted that, when nitric 
oxide is bound to the oxidised enzyme, Tyr 25 is poised to bind to the iron and trigger 
the dissociation of the nitric oxide product 6 . The binding of nitric oxide to ferrous 
haem is essentially irreversible and would therefore trap the enzyme in an inactive 
form (Yamanaka etal., 1961). The cooperativity of the two haem centres, as Williams 
and co-workers (1997) proposed, may provide a means for the control of the 
intra-molecular electron transfer such that product dissociation could be forced to 
occur before d1 -haem reduction is allowed. 
3.1.2.2 Intra-molecular electron transfer in cytochrome cd, enzymes 
The intial step in the electron-transfer pathway from physiological electron donor 
to nitrite in cytochromes cd1 is c-haem reduction. Given the positive reduction 
potentials of the physiological electron donors (pseudoazurin, azurin and cyto chrome 
c551), Table 3. 1, one would anticipate a reduction potential for the c-type haem in the 
order of +200 mV. 
6 In the reduced substrate-free state Tyr 25 is tethered away from the haem plane by 
hydrogen-bonding. The product dissociation might also be enhanced by the 
partially-reduced porphyrin ring that is found in the d 1 -haem (Cheeseman etal., 1997). 
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Table 3.1: Determined reduction potentials of the physiological electron donors of the 
cytochrome cd1 enzymes. 
Protein E', mV Reference 
Pseudoa.zurin Ca. +230 Moir etal., 1993 
Azurin +230 Martinkus etal., 1980 
Cytochrome c551 +270-280 Matthews, 1985 
The reduction potentials of both haems for the P. aeruginosa enzyme have been 
determined by reductive titrations and kinetic techniques, (reviewed in Brittain et a/., 
1992). The reduction potentials, and the inter-haem electron-transfer rates, are highly 
dependent on the experimental conditions. For example, CO-binding at the d 1 -haem 
lowers the potential of the c-haem by more than 80 mV (Silvestrini et al., 1982). In 
addition, the rate of d1 -haem reduction increases from 0.03 s to ~! 100 s 1 in the 
presence of oxygen (Greenwood et al., 1978; cited in Wilson et at., 1999). However, 
Brittain and co-workers (1992) concluded that the potential of the c-haem is 
Ca. + 228 mY, with the potential of the d1 -haem being more negative (+ 158 to 
+ 204 mV). This is consistent with: i) the reduction potential of the physiological 
electron donors, ii) the ability to produce a one-electron reduced form (c2 di 3 ) at 
potentials more positive than that of the d1 -haem, and iii) the low rates of inter-haem 
electron transfer (Silvestrini et al., 1990). Blatt and Pecht (1979) analysed their 
titration data to establish the existence of cooperativity between the four haems in the 
dimer. They concluded that cooperativity does not operate within a subunit, but both 
negative cooperativity between the two c-haems and positive cooperativity between 
the two d1 -haems exists. This can be explained by the "domain swapping" in this 
enzyme, as described in Section 3.1.2.1. 
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In sharp contrast to the wealth of data on the reduction potentials for the 
cytochrome cd1 from P. aeruginosa, the complete redox characterisation of the 
enzyme from T pantotropha has not been published. There are some indications that 
the rates and thermodynamics of inter-haem electron transfer in these two enzymes 
are significantly different. As discussed in Section 1.1.1, the reduction potential of 
haem iron can, to some extent, be dependent on the nature of the axial ligands with 
more positive potentials typically noted for the His I Met ligation than His/Ms 
ligation, summarised in Table 1.2. It might therefore be anticipated that the potential 
of the c-haem in the cytochrome cd1 from T pantotropha might be lower than that of 
the analogous enzyme from P.aeruginosa. In addition the Es-+Met ligand swap 
associated with the redox chemistry of c-haem of the T. pantotropha enzyme might 
affect both the thermodynamic and kinetic factors of the inter-haem electron-transfer 
step. Indeed the interdependence of the redox properties of the c- and d1-haems 
within each monomer is indicated through the short linkage between His 17 and 
Tyr 25 and the hydrogen-bonding network observed in the crystal structures. 
Experimental evidence from pulse radiolysis studies of the T pantotropha enzyme are 
consistent with the different nature of inter-haem electron transfer in this enzyme 
(Kobayashi et al., 1997). Following c-haem reduction, electron transfer from the c-
haem to the d1 -haem occurs on the millisecond timescale. This indicates that the 
potential of the d1 -haem is significantly more positive than that of the c-haem; the 
authors estimated that the difference in reduction potentials is over 100 mV. This 
poising of the potentials of the cofactors is consistent with the fact that the (c2 dj3 ) 
form of the enzyme cannot be prepared, unlike the enzyme from P. aeruginosa. 
To date the absolute potentials of the two haem centres of the T. pantotropha 
enzyme have not been published. As mentioned in the literature, the potentiometric 
titration of the holoenzyme has been complicated by the hysteresis of the reductive 
and oxidative data (Kobayashi et al., 1997). The reversibility of a potentiometric 
titration is a standard test for the validity of the measured reduction potential (Dutton, 
1978). Clearly, the irreversible transformation of the sample during the course of the 
reductive titration must be avoided, and the reoxidation must lead back to the initial 
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oxidised state. When the system is fully reversible reductive and oxidative data should 
be superimposable. This ideal situation is found for the potentiometric titration of the 
semi-apoform of cytochrome cd1 from T. pantotropha, prepared by the removal of the 
d1 -haem through acidified acetone treatment, shown in Figure 3.5 
(Koppenhoffer et al., personal communication). The reduction and reoxidation of the 
semi-apoform is fully reversible and corresponds to a one-electron process. The 
reduction potential, E' = + 242 mV, is characteristic of a c-type cytochrome, at pH 7 
and 25 °C. In contrast to the freely reversible nature of the semi-apoform titration, 
hysteresis has been noted in the potentiometric titration of the holoenzyme (Kobayashi 
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Figure 3.5: Redox titration of the semi-apoform of cytochrome cd1 from T. pantotropha 
conducted in 50 mM HEPES-KOH buffer (pH 7.0) at 25 ± 2 °C. Plot of extinction 
coefficient versus electrode potential at 555 nm Combined reductive data () and 
oxidative data (U) fitted to equation 1.8. From the combined data, E' = + 242 ± 5 mV, 
n = 1, for the c-haem (Koppenhoffer et al., personal communication). 
It is interesting to consider whether this hysteresis is, not a consequence of the 
irreversible transformation of the enzyme sample, but a result of a control mechanism 
of inter-haem electon transfer that involves the cooperativity of the two haems and the 
redox-linked conformational change. If the initial oxidised and reoxidised states are 
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identical then subsequent cycles (of rereduction and reoxidation) should give the same 
results. Any hysteresis observed under these conditions would reflect the limited 
reversibility of the electron-transfer process. Indeed it has already been proposed that 
the redox-linked conformational change might gate inter-haem electron transfer and 
thereby offer a catalytic advantage to the cytochrome cd1 from T pantotropha 
(Williams et al., 1997; Kobayashi et al., 1997). These authors proposed that the 
conformational change associated with product dissociation must precede reduction, 
so that the irreversible formation of the ferrous-NO bond is avoided. It follows that, if 
the conformational change is very slow with respect to the electron-transfer process, 
true redox equilibria might not be reached within the timescale of the experiment i.e. 
the enzyme is essentially trapped in certain forms. However at higher temperatures, 
when the rate of the conformational change increases, the system will approach 
reversibility. 
This chapter covers a series of potentiometnc titrations on the holoenzyme form of 
the cytochrome cd1 from T pantotropha with the aim of identifying the origin of the 
hysteresis previously observed in the reductive and oxidative data. For this purpose 
the enzyme sample was cycled several times between the fully oxidised and fully 
reduced forms to establish that the hysteresis is not due to irreversible damage of the 
sample. Since one of the breakdown products of dithionite, sulfite, has been shown to 
bind in the active site of the enzyme (Williams et al., 1997) an alternative reductant, 
NADH, was also employed. The importance of the cooperativity of the haems was 
considered by examination of the n-value of the Nernst equation. The temperature 
dependence of both the n-value and the separation between the reductive and 
oxidative data was assessed to determine whether the reversibility of the electron 
transfer process can be established at higher temperatures. 
3.2. Results 
When a reductive titration with NADH was carried out on the oxidised holoform of 
cytochrome cd1 from T pantotropha a series of visible absorption spectra shown in 
Figure 3.6A was acquired. Kobayashi and co-workers (1997) identified diagnostic 
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wavelengths at which the reduction of the two haems within the holenzyme can be 
monitored: c-type haem-iron (420, 538 and 564 nm) and di-type haem-iron (463, 621 and 
654 nm). 
The absorbance at all these wavelengths, corresponding to the extent of reduction of 
each haem, versus potential were superimposable, Figure 3.6B. The data could be fitted to 
equation 1.8 where RT/nF was a variable to be fitted, rather than a fixed value. The 
reductive process was characterised by a reduction potential of +60±5 mV and an 
n-value of 1.5 ± 0.1. The n-value represents the number of electrons transferred in the 
process, and a value greater than 1 indicates that the two redox centres act as a highly 
cooperative system. This is also true for reoxidation, n = 1.3 ± 0.2, although the enzyme 
did not start to be reoxidised until significantly more positive potentials giving an oxidative 
titration curve quite distinct from the reductive titration, Figure 3.6B. In this case, a fit to 
equation 1.8 yielded a midpoint potential of +210± 5 mV. These determined parameters, 
for both oxidation and reduction, are listed in Table 3.2, alongside the results for the 
semi-apoform (Koppenhoffer eta!, personal communication). 
It was important to establish that on reduction and reoxidation the enzyme returned to 
its initial oxidised state, as proposed in the square scheme outlined in 3.3. This was 
confirmed by the generation of identical titration curves on further cycling of oxidation and 
reduction (up to three cycles). The distinct nature of the oxidation and reduction was not 
due to any perturbing effect of sulfite (an oxidation product of the dithionite shown to bind 
to the d1 -haem Williams el al., 1997) since the same reductive and oxidative titrations 
were observed with both NADH and dithionite, Table 3.2. The lack of direct reversibility 
was further demonstrated by the finding that it was impossible to exactly reverse a 
reductive or oxidative titration when it was stopped part-way. For example, when an 
oxidative titration was stopped part-way, and the potential decreased by ca. 100 mV, no 
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Figure 3.6: Redox titration of the cytochrome cd1 holoenzyme from T. Pantotropha 
conducted in 0.1 M phosphate buffer (pH 7.0) at 20 ± 2 °C. A) Absorbance decrease 
monitored at 624 nm during the course of the reductive titration with NADH. B) Plot of 
extinction coefficient versus electrode potential at 624 nm fitted to equation 1.8 as 
described below. From the reductive data (), E'rd = 60 ± 5 mV, n red = 1.5 ± 0.1, and 
from the oxidative data (P'), E', x = 210 ± 5 mV, n x = 1.3 ± 0.2. 
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Table 3.2: Summary of potentiometnc titration data for the holoform and semi-apoform of cytochrome 
cd1 from T. pantotropha. All potentials are quoted in mV vs. SHE (pH 7.0). Estimated errors indicated 
in brackets. 
Overall Reduction Oxidation 
AE E' red t1red Fox 11ox 
Holoform 150 135 1.4 60 1.5 210 1.3 
+ NADH 
(15) (10) (0.2) (5) (0.1) (5) (0.2) 
(20 °C) 
Holoform 194 121 1.1 24 1.1 218 1.0 
+ 
Dithionite 
(15) (20) (0.4) (10) (0.3) (5) (0.3) 
(25 °C) 
Holoform 34 142 2 125 2 159 2 
+ NADH 
(15) (10) (5) (5) 
(40 °C) 
Semi- N/A 242 1 231 1 247 1 
apoforma 
(5) (5) (5) 
• (25 °C) ____ ________  
where, n,, is the average of the determined values of n and n; and El a, is the average of 
the determined values of F red and E'0.; AE,, is the separation between these same values. 
a Values determined by analysis of the data of Koppenhoffer and co-workers (personal 
communication); n is fixed as 1,. Overall potential, E', determined by the fitting of the 
combined oxidative and reductive data. 
The potentiometric investigation of cd1 from T pantotropha has also been carried out 
at 40 °C, Figure 33A. The stabilisation of the potential was more rapid in the reductive 
direction compared to the oxidative direction. On the addition of oxidant, a very rapid and 
significant increase in the measured potential was followed by a slower return to more 
reducing potentials. The slow decrease in potential was accompanied by changes in the 
spectrum indicating that, unlike the titration at 20 °C, the oxidation can be reversed 
part-way. The extent of haem reduction, monitored by the absorbance at 624 nm, is 
plotted against potential in Figure 3.713. Even at the higher temperature,the reduction and 
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Figure 3.7: A) Redox titration of the cytochrome cd1 holoenzyme from I Pantotroplia 
conducted in 0.1 M phosphate buffer (pH 7.0) at 40 ± 2 °C. Arrows indicate the 
absorbance decrease (650 nm) and increase (705 nm) associated with reduction by 
NADH. B) Comparison of the redox titration of the cytochrome cd1 holoenzyme at 20 °C 
and 40 °C. For the 40 °C data, the plot of extinction coefficient versus electrode 
potential at 624 nm was fitted to equation 1.8 where n = 2. For the reductive data (LI), 
E'red = 125 ± 5 mV, and from the oxidative data ( .), E' 0 = 159 ± 5 mV. The 
corresponding values for the 20 °C data are presented in the legend for Figure 3.6. 
lL, 
The data was fitted to equation 1.8 and the determined potentials are listed in 
Table 3.2. The hysteresis observed in the titration is temperature dependent (E is 
34 mV at 40°C, 150 mV at 20°C). Presumably, if the enzyme was stable at even higher 
temperatures the reduction would become filly reversible. In addition the cooperativity of 
the reduction of the two haems is increased at the higher temperature. The extent of 
reduction of each haem (monitored at different wavelengths) is superimposable and the 
data clearly fits a Nernst equation where the value of n is 2, Figure 3.8, as opposed to 
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Figure 3.8: Two haem-reduction of cytochrome Cd1 IS cooperative. At 40 °C the 
reductive data shows the best fit to a Nernst equation where n has a value of 2 
(pH 7). 
3.3 Discussion 
The redox titration of the cytochrome cd1 holoenzyme from T panlotropha shows 
hysteresis, as previously stated (Kobayashi et al., 1997). The measured reduction 
potential is more negative in the reductive direction than in the oxidative direction, by 
at least 150 mV at room temperature. Previously, this "non-ideal" titration data was 
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attriibuted to the irreversible decay of the sample and therefore dismissed as invalid. 
However, in this work the cytochrome cd1 sample was shown to be intact at the end 
of one cycle of reduction and reoxidation since a subsequent cycle gave the same 
results. Therefore the final product of reduction and reoxidation is the same as the 
initial resting state. The different potentials measured in the reductive and oxidative 
directions do correspond to the interconversion between the same two states. In 
addition, the same results were obtained when both dithionite and NADH were 
employed as reductant, confirming that the hysteresis is not due to the binding of 
sulfite at the d1 -haem 7 
Another explanation for the difference between the reductive and oxidative 
titration is required. As described in Section 3.1.2.2, there are certain occasions where 
the hysteresis in a titration is a result of the intrinsic redox properties of the system. 
The results presented here indicate that the interconversion of the oxidised and 
reduced states of cytocbrome cd1 from T pantoiropha is not freely reversible at 
20 °C. This is consistent with the hypothesis that inter-haem electron transfer is gated 
by the accompanying conformational change (Williams et al., 1997, Kobayashi et al., 
1997). In other words the change in the axial ligation of both haems is slow with 
respect to the electron transfer and limits the interconversion of the experimentally 
observable oxidised and reduced forms. The value of flay  is greater than 1 for the 
redox process in cytochrome cd1 from T. pantotropha and confirms that the c- and 
d1-haems within one monomer act cooperatively. The interdependence of the ligation 
and oxidation states of the two haems is attributed to the hydrogen-bonding network 
at the interface of the c- and d1 -domains and the short polypeptide that links His 17 
and Tyr 25. The cooperativity of the haems may be a critical factor in the mechanism 
of conformational gating of inter-haem electron transfer in this enzyme and the 
observed hysteresis. At this point it is worth developing a model that is consistent 
with the features of the potentiometric data for the holoenzyme of T. pantotropha. 
Sulfite is a breakdown product of the dithionite reductant, particularly prevalent under acid 
conditions, that has been shown to bind at the di-haem  in the crystal structure (Williams et 
al., 1997). 
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Separation of the reduction potentials for the oxidative and reductive 
directions, AE 
Reoxidation of the reduced enzyme occurs at a significantly more positive 
potential than the original reduction. At room temperature the value of AE,,, is 150 
mV. 
One-way nature of redox cycling 
A titration in one direction can be stopped partway and the potential altered in the 
opposite direction. At room temperature, such a change in potential of ca. 40 mV 
reveals negligible change in the spectrum over at least 30 minutes. That is, at this 
temperature, a titration cannot be reversed part-way, unless a large potential 
change is applied i.e. Ca. 100 mV. 
Temperature-dependence of the titration. 
The potential separation, AE, decreases as the temperature is raised. This is 
accompanied by an increase in the n-value, indicating increased cooperativity of 
the reduction of the two haems. In addition changes in the spectrum are observed 
as the potential is changed in the opposite direction at 40 °C. 
The proposed square scheme, Figure 3.9, represents the interconversion of the 
completely oxidised and completely reduced states. The terms "completely oxidised" 
and "completely reduced" refer to the crystal structure forms such that their 
interconversion involves both the two-electron reduction (shown horizontally) and the 
conformational change (shown vertically).The first assumption is that the ligation 
swap at one haem is so tightly coupled to that at the other haem, that one cannot 
occur without the other. This seems reasonable given the structural connections 
between the axial ligands of the two haems. The second assumption is that the two-
electron reduction occurs in one step and cannot be interrupted by the conformational 
change. This is consistent with both the measured n,,,-value of 2, and the identical 
dependence of the extent of reduction on potential of the c- and d1 -haems, monitored 
at diagnostic wavelengths. The third assumption is that the rate of the conformational 
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change is significantly slower than the electron-transfer step. The validity of this 
assumption will be tested by the ability of the square scheme to explain the 
experimental observations. This type of square scheme has successfully applied to 
several biological redox processes, reviwed by Armstrong and co-workers (1997) and 
published for the one-electron reduction of a yeast iso-I -cytochrome c mutant protein 








Figure 3.9: Square scheme for the reduction and oxidation of the cytochrome cd 
holoenzyme from T. panatropha. The two-haem groups are represented as one centre 
which undergoes a two-electron reduction and oxidation. The electron-transfer steps, 
shown horizontally, are significantly faster than the conformational changes, shown 
vertically. The axial ligatioris of the c-haem (red) and d 1 -haem are indicated: tyrosine 
(magenta), methionine (cyan) and histidine (blue). Scheme based on the crystal 
structures of the holoenzyme in its oxidised (Füläp et al., 1995) and reduced forms 
(Williams etal., 1997). 
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The square scheme represents the case where the conformational change can occur 
when cytochrome cd1 is in one of two oxidation states, and electron transfer can 
occur when the enzyme is in two conformational states. There are three possible 
scenarios that depend on the relative rates of the vertical and horizontal steps as well 
as the timescale of the measurement. 
When each step is freely reversible, equilibrium concentrations of all four 
enzyme states are attained. This is, the situation described by a redox titration 
where the oxidative and reductive data are superimposable, and the measured 
potential and n-value are characteristic of the of the diagonal relationship. 
When one or more of the "vertical" steps have significantly slower rates than 
the electron-transfer step and the measurement is taken so rapidly that no 
conformational change occurs, the "horizontal" electron transfer is uncoupled 
from the conformation step. This can sometimes be achieved by the use of 
fast-scan protein film voltammetry and the measured reduction potentials 
correspond to the "horizontal" electron-transfer equilibrium (Feinberg et al., 
1998; and reviewed in Armstrong et al., 1997). 
When one or more of the vertical steps have significantly slower rates than 
the electron-transfer step, the equilibrium may not be attained within the 
measurement time. This is one origin of hysteresis in a redox titration and would 
account for: i) a separation in the potentials measured in the reductive and 
oxidative directions, and ii) a lower n-value than anticipated. Note that since 
equilibrium concentrations will always be reached eventually, if the sample can 
survive sufficiently long measurement times situation I will result. However, an 
alternative strategy is to increase the rate of the "slow" steps by raising the 
temperature. In this way equilibrium conditions may be approached within 
reasonable measurement times, resulting in a decrease in the potential 
separation and an increase in the n-value. 
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It is clear that the observed characteristics of the redox titration of the cytochrome 
cd1 holoenzyme from T. panloiropha, under these experimental conditions, most 
closely resemble situation 3. Consider first the titration conducted at room 
temperature. As the two-electron reduced form of the enzyme is produced it is slowly 
converted by the conformational change to the completely reduced state in which it is 
essentially trapped. Reoxidation of the completely reduced state can theoretically 
occur by conformational change followed by electron transfer (CE), or electron 
transfer followed by conformational change (EC). At room temperature the 
conformational change in the reduced state is characterised by an extremely slow rate 
in the reverse direction, with respect to both the electron-transfer rate and the 
timescale of measurement such that reoxidation by the CE pathway is too slow to 
allow the freely reversible interconversion of the the completely oxidised and 
completely reduced states. The reoxidation of the completely reduced state requires a 
significantly more positive applied potential 8, such that electron transfer will only 
proceed if the potential is significantly raised. That is, when the reductive titration is 
stopped part-way and the potential is raised by only 40 mV no spectral changes are 
observed. Therefore, at 20 °C, reduction and reoxidation occur in a one-way cycle. 
By contrast, at 40 °C the system is responsive to small shifts in the potential in 
both the oxidative and reductive directions, and the response is more rapid than at the 
lower temperatures. These experimental observations indicate that the system is closer 
to reaching equilibrium and this is attributed to the faster rate of the conformational 
change at the higher temperature, as described by the Arrhenius equation. True 
equilibrium will only be reached at even higher temperatures (or longer measurement 
times) and under these conditions the oxidative and reductive data will be 
superimposable. The reduction potential would represent the diagonal pathway 
between the completely oxidised and completely reduced states, Figure 3.9. The 
estimated characteristics of this pathway, based on the convergence of the titration 
8 Note that, since the measured reduction potentials are not determined under equilibrium 
conditions they cannot be assigned to the two individual electron-transfer equilibria. 
However, the trend is consistent with a more positive potential for the His I Met ligated than 
the His / His haem iron. 
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data at both temperatures, are E' = 140 ± 15 mV, n = 2, Table 3.2. This value is 
consistent with electron transfer from the known physiological electron donors which 
have reduction potentials in the order of + 200 mV, Table 3.1 
These results have confirmed that the c- and d-haems act cooperatively. 
Inter-haem electron transfer is not controlled by the perturbation of the driving force 
induced by the conformational change (i.e. a thermodynamic control mechanism) but 
is limited by the kinetics of the conformational process itself The system has been 
studied under non-turnover conditions, but the implications of haem cooperativity and 
conformational gating of inter-haem electron transfer on the catalytic activity of 
cytochrome cd1 from T. pantoiropha will be considered briefly. However, there are a 
few significant differences between the equilibrium, or approaching equilibrium, 
conditions of the titration and catalytic conditions. Firstly, during titration the 
chemical reductant is able to interact directly with both haem centres and therefore 
inter-haem electron transfer is not a requirement for d1 -haem reduction. Secondly, 
since the conditions are approaching equilibrium, the one-electron reduced form is not 
observed although this is clearly implicated in the catalytic cycle. Thirdly, the redox 
properties of both haems are likely to be perturbed by substrate and product binding 
at the d1 -haem. Bearing these differences in mind, a catalytic scheme for nitrite 
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Figure 3.10: Proposed catalytic scheme for nitrite reduction by cytochrome cd1 from 
T. pantotropha. The oxidation states of the c- and d1 -haems are indicated by Cox, 
Cred, Dox and Dred. For example, the completely oxidised state, shown top-left as 
Cox I Dox, is the His I His ligated c-haem and Tyr I His ligated d1 -haem, as observed in 
X-ray crystallography. The representations of nitrite substrate and nitric oxide product 
are S and P, respectively. The species outside the black box are the two-electron 
reduced and one-electron reduced/ product-bound forms that can potentially lead to the 
irreversible trapping of the enzyme in the catalytically inactive form, Cox / Dred / P. 
This scheme, Figure 3. 10, is based on the assumptions that only the c-haem can be 
reduced by the physiological electron donor, and d1 -haem reduction must proceed 
through an inter-haem electron-transfer step. The axial ligations of the haems are, for 
the most part, not included. This is mainly for clarity, but also reflects the difficulty in 
predicting the structures of one-electron states by making generalisations from the 
completely oxidised and reduced states, as studied by crystallographic and 
spectrophotometric studies under equilibrium conditions. However it is assumed that 
the axial ligations of the c- and d1 -haems in the completely oxidised state are His I His 
and Tyr I His respectively. It is also assumed that immediately prior to substrate 
binding the vacant coordination site is available on the reduced d 1 -haem. 
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Efficient catalysis requires that the enzyme is not trapped in a catalytically inactive 
form, i.e. the Cox / Dred fP state. This can be achieved by prevention of the formation 
of the Cred I Dox I P state or the subsequent inter-haem electron-transfer step: 
1) Theoretically, nitrite reduction only requires one electron, and therefore the 
transfer of two electrons to the enzyme during catalysis, is unnecessary. That is, the 
catalytic cycle could be contained within the black box of Figure 3.10. In this way, the 
Cred / Dox I P state is never generated. This can be achieved by only allowing c-haem 
reduction when the d1-haem is oxidised and tyrosine ligated. 2) Another way of 
preventing the irreversible formation of the ferrous-NO bond, is to ensure that nitric 
oxide product dissociates from Cred / Dox I P before inter-haem electron transfer can 
occur. This might be achieved by maximising the rate of NO dissociation so that 
product dissociation outruns electron transfer e.g. the Tyr 25-assisted mechanism 
(Williams et al., 1997), or the lower affinity of the oxidised d1-haem for NO than 
other haem types (Cheeseman et al., 1997). However, a more elegant mechanism is 
the conformational gating of electron transfer such that product dissociation is a 
prerequisite for electron transfer. 
This work has shown that the ligation and oxidation states of the c- and d1-haems 
are interdependent, such that both the reduction of the c-haem and inter-haem 
electron transfer are dependent on the oxidation state and ligation of the d 1 -haem. 
Moreover, the kinetics of the redox-linked conformational change can limit the 
electron-transfer process. In this sense, cytochrome cd1 from T. pantotropha could 
prevent the trapping of the enzyme in a catalytically inactive form by the two redox 
control mechanisms proposed above. It is also worth considering briefly the 
cytochrome cd1 enzyme from P. aeruginosa. A minor conformational change does 
occur on enzyme reduction, but the ligation of the c-haem does not change and the 
interconversion of the completely reduced and completely oxidised states is freely 
reversible under the conditions of the potentiometric titration (Blatt & Pecht, 1979). 
Moreover, the lack of cooperativity between the c- and d1 -haems within one monomer 
of the enzyme makes it unlikely that the extent and rate of c-haem reduction can be 
controlled by the oxidation and ligation state of the d1 -haem in the P. aeruginosa 
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enzyme. However, there is experimental evidence that conformational gating of 
electron transfer still occurs even in the absence of the cooperativity of the c- and 
d1-haems (Parr et al., 1977; Nurizzo et al., 1999; Wilson et al., 1999). Therefore 
dissociation of product, and the prevention of the irreversible formation of the ferrous 
iron-NO bond, through the conformational gating of inter-haem electron transfer in 
the Cred / Dox / P state may be a general feature of the cytochrome cd1 family. In 
contrast, the cooperativity of the haems within one monomer, apparent in the 
T pantoiropha enzyme, is not a general feature of the family. 
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Chapter 4 
Flavocytochrome P-450 BM3 
4.1 Introduction 
The cytochromes P-450 are a superfamily of haem-containing enzymes that 
catalyse a plethora of oxidative reactions and are widely distributed in animals, plants, 
fungi and bacteria. The oxidative reaction involves the activation of molecular oxygen at 
the haem active site -,all P-450 enzymes contain a h-type cytochrome that is connected to 
the polypeptide through an iron-sulfur bond with an absolutely conserved cystiene 
thiolate. This characteristic ligation of the haem iron gives rise to the distinctive 
absorption band of the dithionite-reduced carbon monoxide adduct at 450 nm. This is the 
origin of the title cytochrome 'P-450' for a pigment with an absorption at 450 nm. The 
primary reaction catalysed by the members of the P-450 family is the insertion of a single 
atom of oxygen into a wide variety of substrates, RH; the second atom is incorporated 
into water'. 
RH+02 	>ROIHI+H20 
where the substate, RH, may range from simple alkanes to long chain fatty acids to the 
most complex of hormones. 
The oxidation of unactivated carbon-hydrogen bonds to an alcohol functional 
group, one of the most difficult reactions to achieve using conventional chemical 
synthesis, may be crucial to the survival of the organism. It enables certain bacteria and 
strains of yeast to grow on chemically inert substances such as alkanes, converting them 
to more reactive intermediates as the first step in the catabolic pathway (reviewed in 
Wong el al., 1997). In addition, the hydroxylated product of a P-450 catalysed reaction 
may be an important intermediate in biosynthetic and biodegradation pathways. These 
particular P-450 enzymes typically have high substrate specificity and the regio- and 
stereospecificity of oxidation is tightly controlled e.g. P450cam, from the soil bacterium 
Pseudomonw pulida, converts camphor to 5-exo-hydroxy-camphor. P-450 enzymes can 
1  The P-450 enzymes can catalse reactions as diverse as hydroxylation, N-, 0- and S-dealkylation, 
sulfoxidation, epoxidation, deamination, desulfuration, dehalogenation, peroodation and N-oxide 
reduction. 
123 
also act upon chemically inert xenobiotics such as drugs and pesticides. The increased 
solubility and reactivity of the hydroxylated products can aid their elimination from the 
organism. Typically, detoxification enzymes have more open active sites than those 
involved in biosynthesis and biodegradation since they are required to work on a wide 
range of substrates and the regio- and stereospecificity of oxidation is less important.The 
action of P-450 enzymes on xenobiotics is a huge area of research since some drugs are 
converted to their pharmacologically active forms. However, P-450's have also been 
implicated in the activation of procarcinogens e.g. polycyclic aromatic hydrocarbons, 
heterocyclic amines (reviewed in Wong etal., 1997). 
R-OH 	 R-H 




Fe" HOR 	- - - R'00111 - - - 	- 	-- 
=0] 
HR 	 R'OII 




Figure 4.1: The catalytic cycle at the tiaem prosthetic group. where RH and ROH are the 
substrate and tiydroxylated product respectively. The peroxide shunt mechanism is 
shown in blue, this represents the formation of the oxy-ferryl intermediate by direct 









The conversion of RH to ROH involves the activation of molecular oxygen. In 
addition to substrate and oxygen binding at the active site, two electrons and two protons 
are required. This is included in the general catalytic cycle for substrate monooxygenation 
by cytochromes P-450, Fig 4. 1, which was originally proposed by White & Coon (1980). 
In the resting state, the ferric haem iron is low spin and has a distal axial water 
ligand. The first step in the catalytic cycle is substrate binding, the principal contributor to 
the binding energy is the hydrophobic effect, and this is associated with the displacement 
of the water ligand and a concomitant spin-state conversion of the metal. It has been 
demonstrated for P-450cam that the spin-state, the haem reduction potential and the rate 
of haem reduction are interdependent (Sligar & Gunsalus, 1976; Fisher & Sligar, 1985) 
so that the next step, one-electron reduction of the resulting high spin iron, becomes 
favourable 2. The nature of the electron donor will be discussed below. In the next step, 
molecular oxygen binds to the ferrous iron. The ferrous-dioxygen form (best described as 
superoxide attached to ferric iron) of P-450cam is sufficiently stable to be observed 
spectroscopically, the last intermediate for which this is possible. The second electron 
transfer forms the ferric-peroxide centre that is responsible for cleavage of the dioxygen 
bond. This step requires:- i) the transfer of the two electrons from the haem, which is 
formally oxidised to Fe"=O, but typically thought of as a Fe radical cation, and ii) the 
delivery of two protons to the distal peroxo-oxygen; there does not seem to be a general 
P-450 proton delivery system (Hasemann et al., 1995). It is widely believed that oxygen 
insertion into the substrate occurs by an oxygen rebound mechanism where hydrogen is 
abstracted, forming the iron-bound hydroxyl radical and the substrate carbon radical, 
which rapidly recombine. Finally product dissociates from the active site. The 
replacement of the product by fresh substrate, is likely to be thermodynamically 
favourable, due to the decreased hydrophobicity of the hydroxylated substrate. 
2 In some P450 enzymes the first electron-transfer step is accompanied by repositioning and 
reorientation of the substrate within the binding pocket e.g. flavocytochrome P-450 BM3 (Modi et 
al., 1995 and 1996). However, no movement is observed in the substrates of P-450cam and 
human P-450 213S. 
125 
An efficient cytochrome P-450 enzyme is defined as one in which high rates of 
substrate mono-oxygenation are achieved. Maximal substrate monooxygenase activity of 
the cytochrome P-450 is dependent not only on the rates of the seven steps in the 
proposed catalytic cycle, Figure 4.1, but also on the coupling of haem reduction with 
substrate mono-oxygenation. Uncoupling can occur at three points in the P-450 catalytic 
cycle (Wong et al., 1997): i) auto-oxidation of the oxy-ferrous form generating 
superoxide, ii) decomposition of the ferric-peroxide intermediate generating hydrogen 
peroxide, and iii) 2ei2I{ reduction of the oxy-ferryl species resulting in the conversion of 
oxygen to water. These three uncoupling pathways represent mechanisms whereby the 
reducing equivalents derived by electron donor oxidation are 'wasted' and reactive 
oxygen species are generated which can be damaging to both the enzyme and the 
organism. For P-450cam auto-oxidation of the oxy-ferrous form is sufficiently slow that 
it is negligible. The other two uncoupling pathways can be minimised by the correct 
positioning of the substrate in a complementary active site, such that water is completely 
displaced and the substrate is located close to the iron before molecular oxygen activation 
(Wong et al., 1997). Therefore the extent of coupling of haem reduction to substrate 
mono-oxygenation for a particular cytochrome P-450 is dependent on the match of the 
substrate and its active site. 
There are two main cytochrome P-450 reductase systems that achieve the 
activation of molecular oxygen by controlled haem reduction. However, it is worth 
mentioning that in vitro the oxy-ferryl species, may also be generated by the direct 
binding of activated oxygen to haem iron e.g. by the action of cumene hydroperoxide. 
Indeed, this commonly proposed active intermediate in the P450 catalysed oxidation 
reactions, is normally depicted as a (Por)Fe"O species, by analogy with horseradish 
peroxidase Compound I. The "peroxide shunt mechanism" has been successfully used to 
drive catalytic turnover with varying degrees of efficiency (White & Coon, 1980, and 
references therein). The implications of by-passing the two intra-molecular 
electron-transfer steps on the turnover rates and coupling will be considered later. 
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4.1.1 Physiological systems for cytochrome P-450 reduction 
As is evident from Figure 4. 1, the activation of molecular oxygen requires two 
one-electron transfers from a suitable electron donor to the haem iron at specific points in 
the catalytic cycle. The ultimate electron-donor is NADH or NADPH, but most P-450 
enzymes do not interact with the pyridine nucleotide directly. Even if there was a 
NAD(P)H binding site on the enzyme such an obligatory two-electron donor would not 
be capable of delivering its reducing equivalent in two one-electron steps at the right time 
in catalysis. However, as described in Section 1.1.2, a flavin can interact with both the 
obligatory two-electron donor, NAD(P)H and the one-electron acceptor, haem. There are 
two systems that utilise the transducing properties of a fiavin to reduce P-450 enzymes. 
Indeed, the superfamily has been divided into two classes on the basis of which 
physiological redox partner is employed, Figure 4.2. In almost all cases the distinction is 







Figure 4.2: Classification of P-450 enzymes: Class I enzymes, typically prokaryotes, are 
part of a three-component system utilising NADH. Class II enzymes, typically eukaryotes, 
require one other protein component and NADPH. 
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Class I P-450 enzymes use an FAD-containing protein (that acts as a two-electron 
acceptor from NAD(P)H) and an iron-sulfur protein to shuttle two electrons successively 
to the haem. This class is typical of bacterial and mitochondrial P-450 enzymes and 
includes the most studied P-450 enzyme, P-450 from Pseudomonav pu/ida. The 
controlled reduction of this enzyme by NADH:putidaredoxin oxidoreductase and 
putidaredoxin will be discussed later. Class II P-450 enzymes are reduced by a 
NADPH: cytochrome P-450 oxidoreductase that contains both FAD and FMN prosthetic 
groups (Munro & Lindsay, 1996). The direction of electron flow has been determined as 
NADPH —> FAD —> FMN -> Haem (Vermilion & Coon, 1978, Vermilion el al., 198 1) 
with the FMN-domain carrying out the electron-shuttling function of the iron-sulfur 
protein of the Class I system. Most class II P-450 enzymes are microsomal, and their 
membranous nature makes their study difficult due to poor expression and purification. 
The identification of flavocytochrome P-450 BM3, Figure 4.3, as a soluble bacterial 
class II P-450 enzyme has provided an attractive model system for the eukaryotic 
enzymes (Narhi & Fulco, 1986). 
Figure 4.3: Flavocytochrome P-450 BM3 as a bacterial class II P-450 enzyme. The two 
class II components (diflavin reductase and cytochrome P-450 protein) are contained in a 
single polypeptide. 
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Flavocytochrome P-450 BM3 is a catalytically self-sufficient fatty acid 
monooxygenase and only NADPH, 02 and substrate are required for catalysis. The 
cypl02 gene, encoding the holoenzyme, shows closer sequence identity to the two 
components of the eukaryotic system than the bacterial counterparts (Ruettinger et al., 
1989). The gene appears to be the fusion of at least two genes, corresponding to a 
"reductase domain" (showing 33% sequence similarity to the eukaryotic 
NADPH:P-450 oxidoreductase) and a "haem domain" (with 25% sequence similarity to 
mammalian fatty acid w-hydroxylases). The incorporation of the cytochrome P-450 and 
diflavin reductase components, typical of the class H system, within a single polypeptide 
increases the haem reduction rate 100-1000 fold over most eukaryotic forms and makes 
flavocytochrome P-450 BM3 the fastest monooxygenase of the P-450 family. The 
reductase domain also appears to have evolved from the fusion of genes encoding two 
simpler fiavoproteins. Porter & Kasper (1986) studied the sequence of the microsomal 
NADPH:cytochrome P-450 oxidoreductase and identified N-terminal FMN- and C-
terminal FAD-domains that show considerable sequence similarity to flavodoxin and 
ferredoxin reductase, respectively. This similarity extends to the reductase domain of 
flavocytochrome P-450 BM3 and nitric oxide synthase, NOS (Govindaraj & Poulos, 
1997; Bredt et al., 1991). It has been proposed that the genes encoding these diflavin 
reductase proteins (or domains) are the result of a fusion of two genes (Porter & Kasper, 
1986). 
Another catalytically self-sufficient fatty acid hydroxylase has been identified in 
the fungus Fusarium oxysporum (Nakayama el al., 1996) that shows striking similarities 
to fiavocytochrome P-450 BM3 as indicated in Table 4. 1, indeed it reacts with antibodies 
for the flavocytochrome P-450 BM3. However, there are some differences, the most 
important being that P-450foxy is membrane-bound. The molecular evolution of the 
P-450 superfamily is evidently a complicated one. 
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Table 4.1: Comparison of three P-450 enzymes. The only similarity of P-450cam (P. putida) and 
P-450 BM3 (B. megaterium) is that they are both bacterial (blue). P-450 BM3 shows greater 
similarity with the fungal P450foxy r. oxysporum) as shown in green. 
Property P-450cam P-450 BM3 P-450foxy 
P. putida B. megaterium F. oxysporum 
Catalytically X I 
self-sufficient? 
Molecular 	weight 45 119 118 
(kDa)  
FAD:FMN:Haem N/A 1:1:1 1:1:1 
Reaction 5-exo 	camphor (co-1) to (o)-3) fatty (()-I) to (()-3) fatty 
hydroxylation acid hydroxylation acid hydroxylation 
C14-C16 C12-C14 
React with antibodies X 1 '1 
for P-450 BM3? 
Barbiturate-induced? X V X 
Soluble? V 
X 
It is anticipated that the electron-transfer pathway of flavocytochrome 
P-450 BM3 will show close similarity to P-450foxy, and provide a better model for the 
electron-transfer pathways of class 11 P-450 enzymes than the extensively studied 
class I enzyme, P-450cam. The application of spectroscopic techniques to the study of 
flavocytochrome P-450 BM3 is advantageous, with respect to the other class II enzymes, 
since it is soluble, and both the holoenzyme and its individual component domains can be 
overexpressed in E. co/i in large quantities. The results of the complete redox 
characterisation of flavocytochrome P-450 BM3 are presented in this chapter. 
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4.1.2 Flavocytochrome P450 BM3 
Flavocytocbrome P-450 BM3 is one of at least three cytochromes P-450 in the 
Gam-positive bacterium Bacillus megaterium strain ATCC 14581 (Narhi & Fulco, 1986). 
In spite of the ubiquitous nature of the cytochromes P-450, E. co/i appears devoid of 
these hemoprotiens, and this has enabled the heterologous expression and purification of 
recombinant P-450's, including flavocytochrome P-450 BM3 (the gene product of 
cyp102) in this system. The component domains of this enzyme, Table 4.2, can also be 
expressed individually: haem domain, reductase domain, and the individual FAD- and 
FMN-domains. In addition, genes have been constructed that encode for a truncated form 
of the enzyme that lacks the FAD domain, BM3, and a mutant enzyme, Al 10, that lacks 
the FMN domain. The ability to express the constituent domains individually has been 
critical in studying the properties of the flavin groups, since their absorbance is largely 
dominated by the strong haem chromophore. 
The expression of cypl02 in B. megaterium is induced by barbiturates. A 15 bp 
consensus sequence in the flanking region of cypl02 has been defined and named the 
'Barbie Box' (reviewed in Munro & Lindsay, 1996). Competitive binding between 
positive regulatory factors and repressor proteins (Bm1P1 and Bm3R1 respectively) is 
proposed to occur at the box and control gene expression. However, the absence of these 
regulatory proteins in E. co/i means that expression of recombinant protein is unaffected 
by barbiturates (Wen & Fulco, 1987). 
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Table 4.2: The overeçression of the holoenzyme and constituent domains of flavocytochrome 


















Holoenzyme 1 1,2 
Reductase domain I -- 2,3 
FAD-domain / -- -- 4, 5 
FMN-domain -- -- 4,5 
BM3 -- / 1 5 
AllO mutant -- 5 
Haem domain -- -- 2 
Key to References 
1. Boddupallietal., 1990; Wen &Fulco, 1987; 	2. Li et al., 1991; Mileseta/., 1992 
3. Osteretal., 1991; Boddupalliefal., 1992b; 4. Sevnoukovaef al., 1996a 
5. Govindaraj & Poulos, 1997 
Flavocytochrome P-450 BM3 is a self-sufficient P-450 substrate monooxygenase 
that is an effective hydroxylase for C 12-Cl 8 saturated fatty acids. The optimal activity is 
for C 15 and C 16 acids. The products of lauric, myristic and palmitic acid hydroxylation 
by this enzyme have been studied by Boddupalli and co-workers (1992a). The lack of 
terminal hydroxylation is strong evidence of the sequestration of the terminal methyl 
group by specific interaction with an amino acid residue(s). The major reaction prouct is 
that of o-2 hydroxylation (Miura & Fulco, 1975), although the ratio of the regioisomeric 
products, (o-1):( o-2):( e-3), depends on the substrate chain length. In addition, only the 
primary metabolites of palmitic acid are further metabolised; in an excess of oxygen 
keto-group formation occurs through the multi-hydroxylation of a specific carbon atom. 
Flavocytochrome P-450 BM3 can also hydroxylate other long chain substrates that 
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contain a polar head group e.g. long-chain fatty amides and alcohols. (Miura & Fulco, 
1975). These authors proposed that fatty acid substrate interacts with the active-site in 
three main ways i.e. tethering of the terminal methyl group, interactions with the 
carboxylate group, and the site of oxygen insetion. They suggested that, since the highest 
catalytic rates were observed for pentadecanoic acid, the C15 chain was the optimum 
length for favourable interactions with all three sites. It is clear from the crystal structure 
that the hypothesis of three distinct sites is an oversimplification e.g. the hydrophobic 
interactions with the central portion of the substrate chain are also important in tight 
substrate binding. However, the general principles of Miura and Fulco's proposal are 
valid. One of the proposed sites of interaction is the activated iron-bound oxygen. Since 
this is such a highly reactive species it is probable that the site of hydroxylation is that 
which is closest to the activated oxygen such that the substrate must be optimally 
positioned before oxygen activation occurs3 . Miura & Fulco proposed that this is the 
function of the other two interaction sites by tethering the ends of the substrate molecule. 
Our understanding of the important interactions of the substrate binding pocket of 
fiavocytochrome P-450 BM3 with fatty acid substrates has increased greatly with the 
determination of the crystal structure of the haem domain in the absence and presence of 
palmitoleic acid (Ravichandran et al., 1993; Li & Poulos, 1997). Hasemann and co- 
workers (1995) have emphasised the striking comparison of the tertiary structures, the 
similarity of the haem-binding core structure and the asymmetric charge distribution of 
P450cam, P-450 BM3 and P-450terp 4. The greatest structural variation of these 
enzymes is found in the substrate-binding pocket that allows the association of substrates 
Indeed, if any other molecule is in close proximity to the activated iron-bound oxygen then it too 
would be hydroxylated. The reaction of water, that is incompletely displaced from the active-site 
before activation of molecular oxygen can be one origin of uncoupling of NADPH consumption 
and fatty acid hydroxylation. 
The crystal structure of P-450eryF has since been published (Cupp-Vickery & Poulos, 1995) but 
the observations are consistent with the discussion in the main text. 
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with quite different geometries 5 . The substrate-binding pocket of flavocytochrome 
P-450 BM3, Figure 4.4, consists of a long channel, 8 to 10 A in diameter, extending 
frrom the surface to the haem iron 6 . The lining of the pocket with non-aromatic 
hydrophobic residues is ideal for the binding of of C 12 to CI 8 aliphatic fatty acid chains. 
As proposed by Miura & Fulco (1975), there are specific residues that are involved in 
tethering the ends of the substrate molecule. These are now known to involve the 
interaction of the polar carboxylate head with both R 47 and Y 51 close to the surface, 
and the sequestering of the terminal methyl group by F 87 (Oliver et al., 1997). This 
phenylalanine residue is critical in actively surpressing hydroxylation of the terminal 
methyl group so that the w-hydroxylated product is not observed (Miura & Fulco, 1975; 
Oliver etal., 1997; Shirane etal., 1993). 
R47 	 R47 	 B 
I 
- Palmitoleic acid 
F87 
T268 	fi 	F87 	 T268 	 - 	 W96 
(4(J 	 C400 
Figure 4.4: The active site of the haem domain of flavocytochrome P-450 BM3. 
A) substrate free, and B) palmitoleic acid substrate bound, (Li & Poulos, 1997). 
Bottner and co-workers (1996) applied knowledge of the important active-site:substrate 
interactions to convert a mineralocorticoid- to a glucocorticoid-synthesizing cytochrome P-450 
through the mutation of only three amino acid residues. 
6 Two molecules of flavocytochrome P-450 BM3 exist in the assymmetric unit of the crystal 
structure (Ravichandran et al., 1993). The molecules differ in the openess and flexibility of the 
substrate-binding pocket. 
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Figure 4.4 shows that the phenyl ring of F 87 rotates on substrate binding, 
resulting in a parallel orientation with respect to the haem, but in the oxidised 
substrate-bound enzyme the substrate is located too far away for either interaction with 
F 87 or hydroxylation at the haem. This was confirmed by Modi and co-workers (1995) 
by the measurement of the distance between the protons of 12-bromolaurate and the 
ferric haem iron by NT\4R relaxation effects. The protons of the terminal methyl group, 
7.7 A, were closer than those corresponding to the sites of (0)-1) and (0)-2) hydroxylation 
found at 9 A. However, on reduction the substrate moves into the correct position and 
orientation 7. In the reduced substrate-bound enzyme the protons on the sub-terminal 
positions are now the closest to the ferrous iron (3 A) (Modi et al., 1996). The 
importance of the phenylalanine residue in ensuring the correct position and orientation of 
the substrate is indicated by the high formation of o- hydroxylated product by the F87A 
mutant of flavocytochrome P450 BM3 in which the terminal methyl protons remain 
closest to the ferrous iron (Oliver et al., 1997). 
Figure 4.4 also shows the impact of substrate binding on the distal axial ligation of 
the thiolate-bound ferric haem iron. X-ray crystallography has demonstrated that, in the 
resting-state the iron is bound to an oxygen atom of a distal axial ligand. It has been 
established by MCD and EPR that this is a water ligand, rather than a hydroxide ligand, 
and that this ligation causes the ferric iron to be low spin (Miles et al., 1992; McKnight et 
al., 1993). As shown in Figure 4.411, and also demonstrated by solution studies (Modi et 
al., 1995; Khan et al., 1997) binding of fatty acid causes the displacement of the water 
molecule and the concomitant conversion of the iron spin state to high spin. The extent of 
spin-state conversion is dependent on the chain length of the fatty acid substrate and 
probably represents the complementarity of the active site and the substrate. 
Note that there is little movement of the substrates within the active sites of P-450cam and 
Human P-450 2DS on haem reduction (reviewed in Modetal., 1996). 
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It has been demonstrated that the reduction potential, reduction rate, and the yield 
of reduced haem of P-450cam are dependent on the substrate-induced ferric spin-state 
equilibrium (Sugar & Gunsalus, 1976; Fisher & Sugar, 1985; Bazrn et al., 1982). The 
haem reduction potential is significantly increased on camphor binding 
(E' = -300 to -170 my) such that haem reduction by the putidaredoxin 8 (E' = -200 mV) 
is only possible when camphor is bound. This is an example of the thermodynamic gating 
of an inter-molecular electron transfer step between physiological redox protein partners. 
Until now, there has been no measurement of a similar increase in the haem reduction 
potential of a class II P-450 enzyme. However, it has been proposed that a similar 
thermodynamic control mechanism operates over the intra-molecular electron-transfer 
between FMN and haem in flavocytochrome P-450 BM3 (Hazzard et al., 1997; 
MacDonald et al., 1996). This is consistent with the spin-state conversion on fatty-acid 
substrate binding (Modi et al., 1995), the dependence of the FMN to haem 
electron-transfer rate on the presence of fatty acid substrate or carbon monoxide (Munro 
et al., 1996; Hazzard et al., 1997), and the observation that NADPH is not capable of 
reducing the haem in the absence of carbon monoxide/fatty acid substrate (Peterson & 
Boddupalli, 1992). The redox characterisation of this fiavocytochrome is important to 
establish whether the thermodynamic control of haem reduction is a general feature of the 
P450 superfamily, rather than a unique feature of either P-450cam or the class I 
enzymes. For those P-450 systems in which electron transfer between the P-450 
reductase and the P450 haem is partially rate determining (e.g. flavocytochrome 
P-450 BM3) such thermodynamic gating is one mechanism of controlling the rate of 
catalysis. 
The first intra-molecular electron transfer between FMN and haem in 
flavocytochrome P-450 BM3 has been found to partially limit the turnover rates (Munro 
8 The reduction potential of putidaredwon rises from -240 to -200 mV when it is complexed to 
P-450cam (Sugar & Gunsalus, 1976). The increase in the reduction potential on complexation, 
making putidaredwan a poorer electron donor to the haem, might be an additional means to 
controlling the electron-transfer pathway. 
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et al., 1996). Nevertheless, the rate of this electron-transfer step, when substrate is 
bound, is by no means slow, and the turnover rates of flavocytochrome P-450 BM3 are 
typically 100-1000 times higher than the rates of most mammalian cytochromes P-450. 
The high turnover rates of flavocytochrome P-450 BM3 have been attributed to the 
optimum positioning of the FMN and haem, achieved by the polypeptide linker 
connecting the reductase and haem domains in a similar way to S. cerevisiae 
flavocytochrome b2 (Chapman et al., 1994, and references therein). This is consistent 
with the inability to reconstitute fatty acid hydroxylase activity of the reductase and haem 
domains (Munro et al., 1994; Narhi & Fulco, 1987; Li et al., 1991). This work confirms 
that the drastically reduced rates of haem reduction are not due to altered redox 
properties of the redox centres, since these properties are little perturbed by the genetic 
scission used to express constructs of the component domains. This confirms the 
hypothesis that there is discrete domain organisation in the holoenzyme (Munro et al., 
1994; Govindaraj & Poulos, 1997; Sevrioukova etal., 1996a). 
Electron flow through the reductase domain is even more rapid. FMN reduction 
does not limit the rate of fatty acid hydroxylation since electrons can be supplied to FMN 
fast enough to maintain maximal cytochrome c reductase and fatty acid hydroxylase 
activities simultaneously (Klein & Fulco, 1994; Murataliev & Feyereisen, 1996). The 
electron-transfer pathway through the reductase domain of flavocytochrome P-450 BM3 
involves hydride transfer from NADPH at the pyridine nucleotide binding site in the 
FAD-domain, that results in the formation of the FAD hydroquinone. This is followed by 
rapid reduction of the FMN prosthetic group that is responsible for the one-electron 
reduction of the haem at specific points in the catalytic cycle. However, there remains 
controversy over the catalytically relevant oxidation states of the two flavins (Munro et 
al., 1996; Murataliev et al., 1997). Microsomal cytochrome P-450 reductase, CP-450R, 
has been considered as the best model for the reductase domain of flavocytochrome 
P-450 BM3, BMR, on the basis of the known sequence similarity (Ruettinger et al., 
1989). 
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A preliminary comparison of the redox properties of BMIR and CP-450R has been 
carried out by Sevrioukova and co-workers (1995, 1996a. 1996b) and indicates close 
similarities between the FAD groups, but significant differences in the FMN prosthetic 
group. These authors carried out the titration of the diflavin reductase domain (BMR) of 
flavocytochrome P-450 BM3 and the individual FAD- and FMN-domains. The 
FMN-domain cannot be reduced by NADPH because it lacks the pyridine nucleotide 
binding site, but dithiomte completely reduces the flavin without formation of the 
semiquinone. The FAD-domain can be reduced by one electron to its semiquinone form 
by either dithionite or NADPH. On further titration with NADPH there is spectroscopic 
evidence that a complex forms, FADH 2.NADP, giving rise to a charge transfer band 
(A.> 750nm). At the end of the reaction with excess reducing equivalents a mixture of 
1-electron and 2-electron reduced forms of FAD exists. The data for the titration of the 
reductase domain are also consistent with the semiquinone and hydroquinone being the 
most stable forms of FAD and FMN respectively. It is also noted that although reduction 
must be initiated by hydride transfer from NADPH to FAD, the signal of reduced FMN 
appears before that of FAD, and hence FIVIN must be the higher potential flavin. There is 
a slight difference in the titration of the FAD in the reductase domain and the individual 
FAD-domain. In the reductase domain the formation of the FAD semiquinone and charge 
transfer complex is simultaneous rather than sequential. This indicates that the presence 
of the FMN-domain raises the potential of FAD semiquinone reduction. These authors 
have compared the results for BMIR with the titrations of two difiavin reductase proteins: 
mammalian cytochrome P-450 reductase, CP-450R, and a modified form of this protein 
containing an FMN analogue, 7-Br-FMN(CP-450R). 
The high potential fiavin of microsomal cytochrome P.450 reductase (CP-450R) 
has been identified as FMN and the semiquinone formed by the first electron equivalent, 
FMINH°, is air stable. There is little change in the level of semiquinone during addition of 
the second and third electron equivalents as the potentials of the FADIFADH° and 
FMNH°IFMNH2 half-reactions are not widely separated. NADPH can only reduce the 
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protein to a three-electron reduced form, FADH°IFMNH 2, so the potential for the 
reduction of FAD semiquinone to hydroquinone must be more negative than that of 
NADPH (E' = -340mV). However, the protein can be filly reduced by dithionite. These 
results are consistent with the measured reduction potentials (lyanagi et al., 1974) and 
their assignment to the respective flavins (Vermilion & Coon, 1978) as shown in 
Table 4.5. Vermilion and co-workers (198 1) prepared a form of CP-450R in which the 
FMN had been removed and replaced with a higher potential analogue, 7-Br-FMN. Both 
FMN and FAD semiquinones are observed in the titration with dithionite, as in the case 
of the native CP-450R, but FMN semiquinone is present in lower levels (8% of total 
flavin) and is completely reduced before the appearance of the FAD semiquinone. The 
lower percentage of semiquinone indicates that the potentials of the two half-reactions of 
7-Br-FMN are separated by a smaller amount than FMN, and they must both be higher 
than the FAD/FADH° potential since the FMN is completely reduced before the FAD 
semiquinone appears. The close resemblance of the titration of 7-Br-FMN(CP-450R) to 
the titration of BMR led Sevrioukova and co-workers (1995a) to make three predictions 
regarding the reduction potentials of BMR: 1) For the FMN, E' 2 is higher than E' 1 ; 2) the 
reduction potentials for both half-reactions of FMN must be considerably higher than 
those for FAD; and 3) the potential of BMR-bound FAD is more negative than the 
analgous value for CP-450R (0 12 = - 328 mV). 
It was decided to carry out a series of potentiometric titrations on the holoenzyme 
P-450 BM3 to study the electron-transfer pathway incorporating the three redox centres 
i.e. FAD, FMN and haem. As discussed in Section 1.3.2, an essential requirement of this 
method is a clear spectral change on reduction. Although the reduction of the haem group 
can be clearly monitored by the changes in the Soret band of the UV-visible spectrum, the 
reduction of the individual flavin groups is complicated by: i) the presence of such a 
strongly absorbing haem moiety (FAD = 5.5 mIVlT 1cm 1 for the isolated FAD domain, 
Ehaein 100 mM 1cm 1  for the holoenzyme/haem domain), and ii) the convolution of the 
absorbance due to the FAD and FMIN groups. For this reason it is preferable to study the 
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isolated constituent domains: Reductase, FAD and FMN. This is possible since the 
constituent domains can be individually overexpressed and purified, see Table 4.2 for 
references. The determination of reduction potentials of the flavin moieties from the 
individual flavin domains is expected to be more accurate, due to the absence of the haem 
chromophore, but equally valid for the holoenzyme since previous research has indicated 
that there is discrete domain organisation in the holoenzyme (Munro el al., 1994; 
Govindaraj & Poulos, 1997; Sevrioukova et at., 1996a). However the validity of these 
potentials for the redox centres within the holoenzyme can be confirmed, albeit with 
lower accuracy due to the absorbance of the haem group, by a titration of the 
holoenzyme9 . 
By analogy with cytochrome P-450cam, and consistent with the impact of carbon 
monoxide on the NADPH reduction of flavocytochrome P-450 BM3, it is anticipated that 
the haem reduction potential will be significantly increased on fatty acid substrate binding. 
This hypothesis was tested by the measurement of the potential of this redox centre 
through titration of the haem domain in the presence and absence of two fatty acid 
substrates. The results reported also indicate that the different thermodynamic driving 
forces for FIv1N to haem electron transfer reflect the ability of various substrates to 
induce the conversion of the haem iron to the high-spin state. 
Note that for flavocytochrome c3  both the higher ratio of four haems to one flavin and the current 
inability to express the constituent domains individually makes a similar strategy impossible for the 
measurement of the FAD potential, see Section 5.1. 
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4.2 Results 
The results of the potentiometric investigation of flavocytochrome P-450 BM3 
are reported in two parts' ° . The first section covers the study of the two flavin moieties, 
first in their individual FAD- and FM1N- domains, then the diflavin reductase domain and 
finally in the holoenzyme. The second section treats the potentiometnc titration of the 
isolated haem domain, and explores the impact of fatty-acid substrate binding on the 
haem potential. 
4.2.1 Determination of the FAD and FMN reduction potentials 
As described (in Section 4.1) the UV-visible absorbance of the two flavin moieties 
is weak, in comparison to the haem moiety, and therefore best studied in the isolated 
fiavin-containing constituent domains. The redox titrations of the individual FAD- and 
FMN- domains, monitored by UV-Vis spectrophotometry, are shown in Fig. 4.5. The 
data, for these redox titrations of the individual FAD- and FMN-domains could be 
analysed at several wavelengths. However, for the purposes of the subsequent 
potentiometric titration of the reductase domain (and holoenzyme) suitable wavelengths 
were required where the extent of reduction of an individual flavin could be monitored 
with minimum absorbance change due to the remaining flavin. The extent of reduction of 
FMN may be monitored at 499 inn since the minimum absorbance change of FAD during 
the appropriate potential range (-100 to -300mV) is found at this wavelength. The 
corresponding wavelength for monitoring FAD is 600 nm. The absorbance at these two 
wavelengths is plotted against potential in Figure 4.6. The reduction potentials for the 
oxidised / semiquinone and semiquinone I reduced redox couples were determined by 
fitting of the data to equation 1.9 and reported in Table 4.3. 
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Fig. 4.5: Redox titration of (a) FAD domain and (b) FMN domain. The direction of the 
arrows indicates absorbance increases at 600 nm (FAD) and decreases at 499 nm 

















-500 	-400 	-300 	-200 	-100 	0 	100 	200 
mV (vs NHE) 
Figure 4.6: Plot of extinction coefficient versus electrode potential at 499nm (right y as, 
FMN domain) and 600nm (left y a)is, FAD domain). The data was fitted to equation 1 .9, 
see text. From the 499 nm data, E (FMN) = -206 ± 13 mV and E 2 (FMN) = -177 ± 12 
my; from the 600 nm data E I (FAD) = -269 ± 10 mV and E 2 (FAD) = - 337 ± 19 my; pH 
7,25 ± 2 °C. 
Analysis of the data for the FAD domain was complicated by the propensity of the 
enzyme to precipitate over the course of the experiment, especially at low potentials. 
However, it is clear that FAD is the lower potential flavin, with a stabilised blue 
semiquinone, due to the well-separated potentials for the two one-electron couples. In the 
case of the higher potential flavin, FMN, the first couple (E' 1 ) is more negative than the 
second (E' 2) by only 20 mV. Thus, the two processes appear to happen simultaneously 
and the data can be represented reasonably well by a two-electron function. As a result, 
the reduction potentials derived from the individual steps may underestimate slightly the 
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Fig. 4.7: Redox titration of the diflavin domain (pH 7, 25 ± 2 °C). A) Absorbance 
decreases at 499 nm and increases at 600 nm observed during the course of the 
reductive titration are indicated. B) Plot of absorbance versus electrode potential at 
499 nm (right y-a)is) and 600 nm (left y-a)is). Data was fitted to equation 4.1 as 
described in the text. From the 499 nm data, E 1 (FMN) = -213 ± 5 mV and E2 (FMN) = - 
193 ± 6 my; from the 600 nm data E4 (FAD) = -292 ± 4 mV and E (FAD) = -372 ± 4 mV. 
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In the titration of the difiavin reductase domain the absorbance changes of the two 
flavins are convoluted, Figure 4.7A. The absorbance at the two chosen wavelengths are 
monitored, 499 nm (FMN) and 600 nm (FAD) and plotted against potential in 
Figure 4.7B. The potentiometric data for the reductase domain represents the reduction 
of two two-electron centres, the reduction of each centre is fitted to equation 1.9, as 
before. Equation 4.2 is the sum of these two functions and was used to fit the data. 
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where, 60,esemi and s red are the extinction coefficients for the o)idised, semiquinone and 
reduced flavin respectively; The subscripts, FAD and FMN, refer to the individual flavin 
moieties; E is the applied potential (mV vs. SHE); E'1, and E'2 are the formal reduction 
potentials for the oxidised / semiquinone and semiquinone I reduced couple, 
respectively. 
The parameters E' 1 and E'2  were only allowed to vary in one of the two functions 
(either FMN or FAD) at any time. That is, the parameters corresponding to the FMN 
moiety (at 499 nm) were fixed during the fitting of the data at 600 nm and vice versa. 
Fitting was completed when further iterations of this procedure produced no change. The 
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Figure 4.8: Redox titration of P-450 BMS tioloenzyme conducted in 0.1 M phosphate 
buffer (pH 7.0) at 25 ± 2 °C. A) Monitoring the extent of reduction by UV-visible 
spectrophotometry. Direction of arrows indicate absorbance decreases at 499 nm and 
increases at 567 nm during the course of the reductive titration. B) Plot of absorbance 
versus electrode potential at 499 nm (left y-a)is) and 567 nm (right y-aas) fitted to 
two-electron and one-electron functions, respectively, as described in the text. From the 
499 nm data, E, (FMN) = -216 ± 5 mV and E2 (FMN) = -177 ± 6 my; from the 567 nm 
data E 1 (FAD) = -289 ± 4 mV. 
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In the study of the holoenzyme, Figure 4.8, two additional complications 
occurred: i) system instability at potentials below —320 mV, and ii) absorbance changes 
due to haem reduction were observed. Firstly, the system was unstable at potentials 
below -320 mV, possibly due to the reaction of dithionite breakdown products with the 
holoenzyme, and this affected the reliability of the data under the most reducing 
conditions. In the case of FIvIN the fiavin is essentially completely reduced by -320 mV 
and therefore accurate estimates of E' 1 and E'2 could be obtained. However, no accurate 
estimate for the FAD semiquinone/reduced couple could be determined since the 
potential for this redox couple lies below -300 mV. 
Secondly, absorbance changes on haem reduction are observed both at 499 nm and 
600 nm. Despite absorbance changes at 499 nm due to haem reduction, the significant 
difference in reduction potentials between the FMN and haem groups (170 mV) means 
the analysis of the data at this wavelength was largely uncomplicated by the haem 
contributions. In the case of the FAD cofactor, significant spectral changes at 600nm due 
to the haem chromophore made 567 nm a more appropriate wavelength to monitor FAD. 
At this wavelength, the interference from the haem is at its minimum. The absorbance at 
these wavelengths (499nm and 567 nm) is plotted versus electrode potential in Figure 
4.8. 
The data at 567 nm within the stable potential range (E> - 320 mV) mainly 
represent the reduction of oxidised FAD to semiquinone, and were fitted to a 
single-electron Nernst function, equation 1.8. The fit ranges were chosen to minimise the 
influence of other redox centres. In the 499 nm data a small absorbance change due to 
partial reduction of the haem occurs at potentials lower than - 270 mV. This is excluded 
from the fitting process. Similarly, at potentials above - 200 mV, a small absorbance 
decrease in the FAD data is observed for both the difiavin domain and holoenzyme, due 
to reduction of the FMN. This has been compensated for in the fitting procedure. An 
iterative process, as described for the difiavin reductase domain, was used to determine 
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the reduction potentials. The measured reduction potentials for FAD and FMIN in the 
holoenzyme, diflavin and individual flavin domains, Table 4.3, are little altered supporting 
the hypothesis that there is discrete domain organisation within the holoenzyme. The 
enzyme is probably formed from the fusion of at least three genes encoding a 
hemoprotein P-450 (haem domain), a NADPH-binding reductase (FAD domain) and a 
flavodoxin-like protein (FMN domain). 
Table 4.3: Reduction potentials of (E' in my) for the flavin cofactors in P-450 BM3 and its 
constituent domains, calculated from absorbancevs. potential data. 
1' 	 El 
I12 E1 	 -'-'2 
FAD 
FAD domain 	- 303 ± 15 	-269 ± 10 	- 337 ± 19 
Diflavin domain 	- 332 ±4 	-292 ± 4 	 - 372 ± 4 
Holoenzyme 	--- 	 -289 ± 4 
FMN 
FMN domain 	- 192 ± 13 	-206 :L 13 	- 177 ± 12 
Diflavin domain 	- 203 ± 6 	-213 ± 5 	 - 193 ± 6 
Holoenzyme 	-196±5 	 -216±11 	-177±11 
All values were derived under the conditions of 100mM Phosphate buffer pH 7.0, at a 
temperature of 25 ± 2°C. E' 12,  E' i  and E'2 are the reduction potentials for the flavin 
wddised I reduced, oadised I semiquinone and semiquinone / reduced couples, 
respectively. 
A study of the potentials of the two flavin groups shows that FMN is the higher 
potential flavin, whose hydroquinone form is more stable than the semiquinone. This is 
consistent with kinetic and titration studies (Govindaraj and Poulos, 1997; Sevrioukova et 
at., 1996a) but still surprising for a flavodoxin-like protein where stabilisation of the 
semiquinone is more typical. Indeed it is the semiquinone of the FAD domain that is 
stabiised and the reduction potential of the semiquinone/hydroquinone couple is more 
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negative than that of the physiological electron donor NADPH (-340 my). Hence the 
single flavin semiquinone per molecule that remains unreduced by NADPH is identified as 
the FAD (Munro et al., 1996). 
4.2.2 Determination of the haem reduction potential in the presence and 
absence of fatty-acid substrate 
The formal reduction potential of the haem moiety was determined by the 
potentiometric titration of the isolated haem domain. Under anaerobic conditions", the 
haem could also be reduced in the presence of the fatty-acid substrate without the 
complication of catalysis. The substrate-bound haem domain was prepared by titration 
with fatty acid substrates: pairnitate and arachidonate. The fatty acid binding was 
monitored by the Type I shift (420 -p 390 nm) corresponding to the low - to - high spin 
state conversion on dehydration of water from the active site, Figure 4.9. The extent of 
spin-state conversion was monitored by AAbs, A 3 - A420, and substrate was added until 
there was no further change in the spectrum. However, as Figure 4.9 shows, even though 
arachidonate is one of the best substrates for the enzyme, spin-state conversion is not 
complete (Ca. 90%). In this case the reduction potential is an average of the low-spin and 
high-spin molecules in the solution. The reduction of the oxidised substrate-free, 
palmitate-bound and arachidonate-bound forms of the haem domain results in a common 
reduced state, Figure 1.5. The redox titrations of the three oxidised states to the universal 
reduced state were monitored by the shift in the Soret band to 407 nm. Figure 4.10 
illustrates one of these reductive titrations carried out on the oxidised I saturated with 
palmitate form. 
11  Clearly if oxygen, a co-substrate for the monooxygenation reaction, was present the enzyme 
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Figure 4.9: A) Absolute and B) Difference UV-visible spectra for the titration of 
P-450 BM3 with aractiidonate (pH 25 °C, in ethanol). C) Incomplete low-to-high spin 
state conversion induced by the binding of arachidonate substrate (in ethanol) to the 
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Figure 4.10: Redox titration of the oxidised palmitate-bound haem domain of 
P-450 BM3. The formation of the fully reduced haem domain is monitored by the shift in 
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Figure 4.11. Plot of percentage reduced haem versus electrode potential for the 
substrate-free, palmitate-bound, and arachidonate-bound forms of the haem domain. 
Data, fitted to single-electron redox functions, yielded values for E' of -368 ± 6, -265 ± 7, 
and -239 ± 6 mV, respectively (pH 7, 25t 2 °C). 
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The integration of difference spectra of oxidised /reduced samples between 
appropriate wavelengths generates the percentage reduced haem, plotted against potential 
in Figure 4.11. Since the haem is a one-electron centre, the data was fitted to simple 
one-electron Nernst equations, equation 1.8, where RT/nF is equal to 25.6 mV at 25 °C. 
The results are summarised in Table 4.4. It will be seen that substrate-free haem domain 
has a very negative reduction potential that is out of reach of the physiological electron 
donor NADPH (-324 mV). However, the binding of substrate causes an increase in E' 
greater than + 100 mV bringing it well within range of the FMN oxidised I semiquinone 
couple. The shift induced by arachidonate is greater than that due to palmitate (129 mV 
vs. 103 my) and appears to correlate with the more complete spin-state conversion. 
Table 4.4: Formal reduction potentials of (E' in mV) for the haem cofactor in the substrate-free, 
palmitate-bound and arachidonate-bound forms of the haem domain of P-450 BM3, calculated 
from absorbance vs. potential data (pH 7, 25± 2 °C). 
Substrate-free 	 -368 ± 6 
Palmitate-bound 	 -265 ± 7 
Arachidonate-bound 	 -239 ± 6 
4.3 Discussion 
This is the first time the reduction potentials for all redox couples of an entire 
class II cytochrome P-450 system have been determined, illustrated in Figure 4.12. The 
data presented indicate that control of fatty acid oxidation and prevention of futile cycling 
of electrons from NADPH is exerted at the level of binding of the substrate. The 
thermodynamic driving force for electron transfer from FMN to haem is significantly 
raised on substrate binding such that haem is only reduced when fatty acid is already 
bound in the active site. The origin of this intra-molecular electron transfer control 
mechanism is the dependence of the haem reduction potential on its spin-state that, in 
turn, is dependent on the state of dehydration of the active site. Arachidonate binding 
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may not induce a complete spin-state shift but the haem reduction potential increases by 
129 mV, it is possible that the potential increase is even larger for a haem that is 
converted to 100% high spin. This permits electron flow to occur to that haem iron and 
subsequent steps including oxygen association and second electron transfer to the much 
higher potential ferrous-oxy intermediate to be completed rapidly whilst substrate is 
enclosed in the active site. It is interesting to note that for this cytochrome P-450 the 
initial substrate association within the binding pocket, causing the spin-state conversion, 
is at too great a distance from the haem iron for oxidation (Modi et al., 1995; Li & 
Poulos, 1997). The transfer of the first electron to the haem iron facilitates structural 








 4.12: Comparison of the individual reduction potentials for FMN, FAD (both from 
the diflavin domain), and the haem of the haem domain both before and after saturation 
with palmitate (palm) and arachidonate (arac). (pH 7, 2512 °C) 
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Certain fatty acid substrates of flavocytochrome P-450 BM3 give markedly higher 
values than do others, e.g. arachidonate is oxidised at approximately 3 - 4 times the 
rate that laurate is. The order of increasing magnitudes of k t values for the different 
substrates of flavocytochrome P-450 BM3 are broadly in line with the decreasing order 
of their Km values. A logical extension of these data would be that the catalytic rate of 
flavocytochrome P-450 BM3 would be related to the ability of the different substrates to 
either saturate the active site of the protein or induce high levels of the low-spin to 
high-spin transition, with perhaps the latter being more likely. It has been demonstrated 
for P450cam that the reduction potetntial and activation energy for haem reduction show 
a linear free-energy relationship with the ferric spin-state equilibrium (Fisher & Sugar, 
1985). In a similar way, substrates of flavocytochrome P450 BM3, including laurate 
(Modi et al., 1995), that do not induce fl.ill spin-state conversion at saturating levels have 
slower rates of FMN to haem electron transfer. The microscopic rate constants for this 
process, as measured by the rate of formation of the ferrous-carbon monoxide adduct at 
450 nm, show a marked dependence on different substrates: first-order rate constants for 
laurate of ca. 130 s_i and mynstate of ca. 220 s (Munro etal., 1996). Clearly, the ability 
of substrates to convert flavocytochrome P450 BM3 haem to the high-spin form is key 
to catalytic efficency. 
The measured reduction potentials for the FAD and FMN coenzymes in all states 
are very similar for the holoenzyme, diflavin domain, and the individual FAD and FIvIN 
domains. These data indicate that little perturbation in the environments of the flavins 
occurs as the single and double domains of fiavocytochrome P-450 BM3 are expressed 
individually. This is further evidence that flavocytochrome P-450 BM3 has been formed 
by the fusion of at least three genes encoding a cytochrome P-450 (haem domain), and 
NADPH-binding reductase (FAD domain) and a flavodoxin-like protein (FMN domain) 
as originally proposed by Porter (1991). The potentials of the microsomal liver P-450 
reductase, CP-450R, have been determined (lyanagi et al., 1974) and the high and low 
potential flavins were identified as FMN and FAD, respectively, on the basis of studies on 
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an FMN-depleted reductase (Vermilion & Coon, 1978). The redox properties of CP-
450R are compared with those for BMR, the reductase domain of flavocytochrome 
P-450 BM3 in Table 4.5. 
Table 4.5: The redox properties of the reductase domain of flavocytochrome P-450 BM3 (BMR), 
present work, is compared to two forms of the microsomal cytochrome P-450 reductase. 
CP-450R is the native form (lyanagi etal., 1974; Vermilion & Coon, 1978). 7-Br-FMN(CP-450R) is 
protein from which FMN has been removed and replaced with the more positive potential 
analogue 7-Br-FMN (Vermilion et al., 1981). The flavins that give rise to a semiquinone 
(i.e. E' 1  > E'2) are indicated in blue. The variation in the separation of the two single-electron 
potentials for each FMN is highlighted in red. 
Potentials (mV vs. SHE) 
E' 12 E' 1 	I E'2 	I 
FAD  
CP-450R -328 -290 -364 -74 
BMR -332 -292 -372 -80 
FMN  
CP-450R -190 -110 -270 -160 
7-Br-FMN -137 
(CP-45 0R)  
-105 -170 -65 
BMR -203 -213 -193 +20 
where E 1 1 2 is the potential for the two-electron reduction, E' 1 is the potential for the flavin 
oxidised / semiquinone redox couple, E'2 is the potential for the flavin 
semiquinone / reduced redox couple, and AE1 is the potential difference between the 
one-electron potentials, E2-E'1. 
The data presented here show that the high potential flavin is also FMN in 
flavocytochrome P-450 BM3. Indeed, the formal reduction potentials for the two-
electron reduction processes of the two flavins in BMR and CP-450R are very similar. 
The redox properties of the FAD group in BMR and CP-450R are similar in both the 
absolute potentials, E' 12 is Ca. - 330 mV, and the stability of the semiquinone over the 
hydroquinone, AE-r is ca. 77 mV. However, the two single-electron reduction potentials 
are much closer for the FMN in BMR than for the mammalian form. The closer potentials 
are consistent with the absence of a FMN semiquinone signal in the titration of the 
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FMN-domain of flavocytochrome P-450 BM3 (Sevnoukova et al., 1996a). The authors 
correctly predicted that E' 2 > E' 1 . and that both FMN potentials of BMR are higher than 
those of the FAD; this provides the driving force for FMM reduction by FAD. However, 
it is noted that the potential of BMIR-bound FAD is not more negative than the analgous 
value for CP-450R as predicted. 
EPR quantitation of the blue flavin semiquinone signal observed on reduction of 
substrate-free flavocytochrome P-450 BM3 holoenzyme or diflavin reductase domain by 
excess NADPH showed there to be a single flavin semiquinone per molecule (Munro et 
al., 1996). That is NADPH is capable of reducing the reductase domain of the enzyme 
only as far as the three-electron reduced form. The positive reduction potential difference 
for FMIN, \Ef = + 20 mV, indicates that the hydroquinone form of this coenzyme is more 
thermodynamically stable than is the semiquinone, in agreement with recent results from 
kinetic and titration studies (Govindaraj & Poulos, 1997; Sevrioukova et al., 1996a, 
1996b). By contrast, FAD has a large negative reduction potential difference, 
Ef  = - 80 mV, and therefore the observed blue semiquinone resides on FAD in 
flavocytochrome P450 BM3. These data are slightly surprising in view of the facts that 
the FMN domain is a flavodoxin-like polypeptide (Porter, 1991) and that the flavodoxins 
normally stabilise a (neutral) blue semiquinone form of their FMN. For example, the 
potentiometric studies of E. coil flavodoxin reductase and flavodoxin have recently been 
published (MIver et al., 1998). The blue semiquinone species is stabilised in the 
FMN-containing flavodoxin rather than the FAD-containing flavodoxin reductase. It is of 
interest therefore that this pair of proteins are capable of supporting the activity of 
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Figure 4.13: A schematic representation of the catalytic cycle of flavocytochrome 
P-450 BM3. Electrons are represented as blue circles. Hydride transfer from NADPH 
results in transient formation of the FAD hydroquinone. This is unstable and, since the 
potential of both FMN semiquinone and hydroquinone are more positive than those of 
their FAD counterparts, electrons are transferred to the FMN. Electron transfer from FMN 
to haem cannot occur until substrate, SH, is bound. Thereafter one electron is 
transferred to form ferrous haem, which binds dioxygen, and repositions and orients the 
substrate. A second electron is passed to this high-potential species, and rapid 
oxygenation of substrate ensues. Dissociation of oxygenated substrate, SOH, 
regenerates the oxidised restingstate. 
The data presented here clearly demonstrate the electron-transfer pathway 
through the coenzymes of fiavocytochrome P-450 BM3, Figure 4.13. Hydride transfer 
from NADPH is the first step in the pathway and results in the formation of the FAD 
hydroquinone. This species is thermodynamically unfavourable and transfers electrons to 
the much higher potential FMN, the hydroquinone of which is thermodynamically 
favoured over the semiquinone. Under aerobic conditions, substrate-free flavocytochrome 
P-450 BM3 catalyses electron transfer to oxygen at rates around 2 mm'; this low rate of 
electron leakage is mediated through the fiavins (Munro el al., 1995). However, a 
thermodynamic gating mechanism prevents electron leakage through to the catalytic 
centre until substrate is bound in the active site and thus ensures the tight coupling of 
NADPH oxidation and substrate monooxygenation. That is fatty acid binding elevates the 
haem reduction potential to a point at which electron transfer from the FMN 
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hydroquinone becomes thermodynamically feasible. The measured value for the haem 
potential in the presence of arachidonate, is slightly lower than that of the one-electron 
and two-electron reduced forms of FMIN, but this value represents an "average" potential 
for all low-spin and high-spin molecules in the mixture. The reduction potential for a 
100% high-spin iron population is likely to be slightly higher than that measured, 
E' = -239 mV, and possibly above those of the FMN semiquinone and hydroquinone. It is 
clear that the reduction potentials of FMN and haem are sufficiently similar to allow the 
rapid equilibration of electrons such that a significant proportion of the haem will be 
reduced by the FMN in the substrate-bound fiavocytochrome P-450 BM3. On 
one-electron reduction, the ferrous-haem will bind oxygen and this high potential 
intermediate will be further reduced rapidly with a second electron from FMN. The first 
electron transfer can be considered as initiating an essentially irreversible chain of events 
that lead to substrate monooxygenation, Figure 4.13. In the presence of good substrates, 
tightly coupled oxidation of fatty acid occurs with rates ususally well in excess of 
1000 min- '. Indeed, for palmitate a rate of 4600 min' has been reported (Narhi & Fulco, 
1986). 
The oxygen atom that is inserted into the substrate is proposed to come from an 
oxy-ferryl intermediate that is analgous to Compound I of horse radish peroxidase, see 
Section 4.1. There are two possible ways of generating this highly reactive intermediate. 
The physiological route is the electron-transfer pathway described above whereby 
molecular oxygen is activated in the presence of fatty acid substrate, This route is 
controlled by the thermodynamic gating of the intra-molecular electron transfer pathway, 
in particular the FMN-to-haem electron transfer. However, the oxy-ferryl intermediate 
may also be generated by the direct binding of activated oxygen, in the form of peroxides, 
to the haem. With the peroxide shunt mechanism the intermediate may be generated 
before the substrate is present in the active site, since the FMN-to-haem electron-transfer 
step is bypassed, and therefore unwanted reactions in the active site can occur, see the 
description of uncoupling mechanisms in Section 4.1. This further illustrates the 
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importance of the redox control mechanism in flavocytochrome P-450 BM3 in 
controlling the flow of electrons through the enzyme so that the consumption of reducing 
equivalents is tightly coupled to substrate monooxygenation. 
There is some evidence that, in addition to the redox control mechanism described 
above, conformational control mechanisms may also operate in flavocytochrome 
P-450 BM3. Prolonged incubation of the substrate-free enzyme with NADPH leads to a 
time-dependent decrease in fatty acid hydroxylase activity of the enzyme that may reflect 
a diminished ability for FMN-to-haem transfer due to a time-dependent conformational 
change (Narhi & Fulco, 1986). Moreover, the enhanced flavin fluorescence and 
stimulated cytochrome c reductase activity of FIvIN on fatty acid binding to the haem 
domain indicates that substrate binding may induce conformational alteration in the 
reductase domain of flavocytochrome P-450 BM3 (Murataliev & Feyereisen, 1996). In 
addition changes in the conformation of the reductase domain, caused by NADP binding 
and mediated by FMN, are felt by the haem domain. That is the affinity of the enzyme for 
long chain imidazolyl carboxylic acid inhibitors is increased for NADP-bound 
flavocytochrome P-450 BM3 (Noble et al., 1998). These conformational changes may be 
important processes in the control of catalysis. Murataliev and co-workers (1997) have 
also proposed another control mechanism involving the modulation of the FAD reduction 
potential by pyridine nucleotide binding in an analogous manner to other FAD proteins. 
In adrenodoxin reductase (Lambeth & Kamin, 1976), cytocbrome b5 reductase (lyanagi, 
1977), and E. co/i flavodoxin reductase (MIver et at., 1998) the elevated reduction 
potential is attributed to the stabilisation of the flavin semiquinone through interaction 
with NAD(P) or its analogue 2' AMP. It is possible that subsequent to hydride transfer 
from NADPH to the FAD of flavocytochrome P-450 BM3, the bound NADP stabilizes a 
two-electron reduced species with both FAD and FIvIN in the semiquinone form, through 
ionic interaction of NADP4 with an anionic semiquinone (Murataliev et al., 1997). This 
may explain how the enzyme avoids the accumulation of an inactive three-electron 
reduced form on reaction with NADPH. The relatively slow accumulation of this 
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inactivated form may occur only after dissociation of NADP and the binding and 
electron transfer from a second molecule of NADPH (Murataliev et al., 1997; Munro et 
al., 1996). 
The data presented here has clearly demonstrated that catalytic activity of 
flavocytochrome P-450 BM3 is elegantly controlled by the thermodynamic gating of the 
electron-transfer pathway. This is in addition to the operation of possible conformational 
control mechanisms described above. It has therefore been established that the elevation 
of haem reduction potential on substrate binding observed for P-450cam is also evident in 
flavocytochrome P-450 BM3. This is a significant result since the flavoctyochrome is a 
class H P-450 enzyme and therefore is a better model for the mammalian cytochrome 
P-450 systems involved in drug metabolism and carcinogen activation. Indeed the 
thermodynamic gating of electron transfer between a cytocbrome P-450 and its 
reductase, whether it is an iron-sulfur protein (class I) or a diflavin protein (class II), may 
be a general, and characteristic, feature of this superfamily of haem proteins. Important 
differences in the redox properties of mammalian cytochrome P-450 reductase and the 
reductase domain of fiavocytochrome P-450 BM3, despite their sequence similarity, have 
been identified. In both cases, the FAD semiquinone is more stable than the hydroquinone 
and the potentials of the half reactions of formation and reduction are very similar. 
However, whilst the mammalian reductase also stabilses a FMN semiquinone, the 
hydroquinone form of FMN is more stable than its semiquinone. 
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The interconversion of flimarate and succinate is a critical reaction in biology, 
Figure 5.1. Succinate dehydrogenase is a membrane-bound oxidoreductase that is a 
component of the respiratory chain of all aerobic organisms. It catalyses the oxidation of 
succinate, in the tricarboxylic acid (TCA) cycle, with concomitant electron transfer to the 
quinones in the membrane. The reverse process of flimarate reduction, catalysed by 
fumarate reductase enzymes, is the last step in anaerobic or facultative anaerobic 
organisms. The redox balance of the organism is maintained through the consumption of 
reducing equivalents, produced in the catabolic pathways, in an anaerobic respiratory 
chain (van Hellemond et al., 1995). Most ftimarate reductases also exist as 
membrane-bound complexes, and are bidirectional biocatalysts. Indeed the similar 
structure and sequence homology of succinate dehydrogenases and ftimarate reductases 
indicate a common ancestor (Cole, 1982; Wood et al., 1984). 
H 
	 coo- 
+ 	QH2 	 + 	Q 
00C' 'H 
	 _ooc' 41 
fumarate 	 succinate 
Figure 5.1: The interconversion of fumarate and succinate, where Q and QH2 are the 
oxidised and reduced forms of the quinone pool. 
5.1.1 Fumarate respiration in E. coil 
The classic example of a fumarate reductase is the iron-sulfur containing 
flavoenzyme that acts as the terminal oxidoreductase when E. co/i is grown under 
anaerobic conditions in the presence of fumarate. The holoenzyme is located in the 
cytoplasmic membrane, with two subunits integral to the membrane, and the catalytic 
subunit that points into the periplasm, as summarised in Table 5.1. 
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Table 5.1: The structure of E. colifumarate reductase 
Catalytic subunits Two anchor subunits 
Location Membrane extrinsic Membrane intrinsic 
FrdA FrdB FrdC FrdD 
Redox centres FAD Fe-S clusters None 
Centre 1: [2Fe-2S] 21 Some fumarate reductases 
Centre 2: [4Fe-4S]2' contain a b-type cytochrome:- 
Centre 3: [3Fe-4S]''° 
W. succinogenes, B. subtillis, 
N. crassa) 
Function Active site Electron transfer Membrane anchor 
mediators Induce optimal FrdAB 
conformation 
Mass (kDa) 69 27 15 13 
Fumarate binding and reduction occurs at the FAD catalytic site, the fiavin is 
covalently bound to the peptide through a 8a-[N(3)-histidyl] linkage 
(Weiner & Dickie, 1979). Three iron-sulfur clusters, each equimolar with FAD, are 
contained within FrdB and are responsible for mediating electron transfer between the 
physiological electron donor, menaquinone, and the flavin. The last two-subunits act as 
membrane anchors'. This association with the membrane is critical to reduction of the 
oxidoreductase by the physiological electron donor (Cecchini et al., 1986a, 1986b; 
Weiner et al., 1986). When the membrane-extrinsic dimer is independently expressed 
(Dickie & Weiner, 1979) it is incapable of fumarate reduction with the physiological 
electron donor, menaquinone. However, it can function with artificial electron donors 
e.g. benzyl viologen. Enzyme reduction and catalysis can also be achieved by 
immobilisation at an edge-plane graphite electrode and voltammetry has proved to be a 
valuable tool in the study of the electron-transfer pathway of this enzyme (Heering et al., 
1997; Sucheta etal., 1993). 











The interconversion of fumarate and succinate requires redox partners with 
appropriate reduction potentials that can donate or accept the electrons that are involved 
in the process. The quinone pool carries out this function for respiration with fumarate as 
well as other terminal electron acceptors (Wallace & Young, 1977). In E. co/i there are 
three available quinones:- menaquinone (MK), demethylmenaquinone (DMK) and 
ubiquinone (Q) with reduction potentials of -74 mV, +36 mV and +112 mV respectively 
(Holländer, 1976). DMK has a comparable reduction potential to that of the 
fumarate / succinate couple (E = +30 mV) and so this molecule can function as an 
electron donor and acceptor for this reaction. In contrast, MK can only achieve fumarate 
reduction2, and Q can only mediate respiration with NADH and succinate (Wallace & 




NAD / NADH 
-100+ 	 MK 
Figure 5.2: The specific functions of menaquinone (in fumarate respiration) and 
ubiquinone (in succinate oxidation) are dictated by their reduction potentials. 
Demethylmenaquinoe may act as both electron donor and acceptor. Taken from 
Wallace & Young (1977). Abbreviations as in main text. 
2 Eukaryotic fumarate reductases interact with rhodoquione, RQ, that has a comparable 
reduction potential to menaquinone (Tielens & van Hellemond, 1998). Facultative anaerobic 
lower marine organisms contain substantial amounts of both RQ and Q so that their metabolism 
can change from aerobic to anaerobic every 6 hours, with the tides. 
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Fumarate reduction and succinate oxidation require different quinone partners. In 
addition, the redox centres within the oxidoreductase must have suitable reduction 
potentials so that the electrons will flow through the oxidoreductase in the required 
direction. Hence higher reduction potentials are typically found for succinate 
dehydrogenases (cited in Ackrell et al., 1989; Hirst et al., 1996). The reduction potentials 
of the redox centres in E. coil fumarate reductase are presented in Table 5.2. 
Table 5.2: Reduction potentials of the redox centres in E. coil fumarate reductase determined by 
redox potentiometry and dynamic electrochemical methods. The redox centres are in order of 
increasing reduction potential and indicate the conspicuously low reduction potential of centre 2 
for mediating electron transfer between menaquinone and FAD. The potentials of three quinones 
present in E. coil are also included. See references for experimental conditions. 
Redox centre E. coli FRD 
E(mV) 
Ref. 
Centre 2 -285 to -320 a, c 
menaquinone -70 to -74 d, e 
Centre 1 -20 to -79 c 
Centre 3 -30 to -70 c 
FAD -48to-55 a,b 
fumarate +30 f 
Demethylmenaquinone +36 e 
ubiquinone +112 e 
Key to references 
a Sucheta et al., 1993; b  Ackrell etal., 1989. 
Cammack etal., 1986; Simpkin & Ingledew, 1984 and 1985; Mandori etal., 1992; 
Werth etal., 1990 and Kowal etal., 1995. 
d Wagner etal., 1974; e  cited in Holländer, 1976; f Clark, 1960. 
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The electron-transfer pathway within E. coli fumarate reductase, in the direction 
of fttmarate reduction, is MK —+ Fe/S clusters -p FAD -+ flimarate. Hence the reduction 
potentials of the enzyme redox centres should be within the range of -75 mV to + 30 mV. 
The FAD potential is significantly more positive than that of free flavin (E = -210 mV; 
Lowe & Clark, 1956). The covalent linkage of the FAD has been proposed to be critical 
in raising the potential of this centre so that it is suitable for mediating electron transfer 
both between MK and fumarate, and between Q and succinate (Blaut et al., 1989). The 
reduction potential of the flavin shows a pH-dependence that is consistent with the 
transfer of both electrons and protons to fumarate (Heering et a!, 1997). Only two of the 
three iron-sulfur clusters, Centres 1 and 3, have appropriate reduction potentials to 
perform a mediating function. In contrast, centre 2, [4Fe-4S] 2 ' 1 , has a conspicuously 
negative reduction potential for such a function. The role of centre 2 has been a question 
of debate. The cluster is required for the structural integrity of the enzyme complex, but 
is also located in the electron-transport pathway (Kowal et al., 1995). In addition, the 
recent crystal structure has revealed a chain of the six redox cofactors that includes the 
low potential iron-sulfur centre. That is, during fumarate reduction, electrons are passed 
in the direction' QD —+ Qp —+ Centre 3 —> Centre 2 -+ Centre 1 —> FAD (Iverson et al., 
1999). The edge-to-edge distances (between 11 and 14 A) are all appropriate for efficient 
intra-molecular electron transfer. The redox role of Center 2 was also indicated by 
protein film voltammetry studies, in the presence of flimarate and oxalacetate (Heering et 
al., 1997). The authors proposed that Centre 2 is normally bypassed on reduction of FAD 
but under certain conditions the rate of fumarate reduction can be boosted by the 
involvement of this redox centre. These results must be reconsidered in the light of the 
recent structural data. 
QD and Qp refer to the menaquinone binding sites that are distal and proximal to Centre 3 
respectively. 
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The electron-transfer pathway, ending up with fumarate reduction, allows E. co/i 
to respire on flimarate under anaerobic conditions. However, respiration is highly 
regulated by the availability and hierarchy of electron acceptors (reviewed in Unden & 
Bongaerts, 1997; Cole et al., 1985). Oxygen is the preferred terminal electron acceptor 
since the maximal energy conservation is achieved and hence oxygen represses the 
terminal reductases of anaerobic respiration. At least two transcriptional regulators 
control gene expression in response to anoxia in E. co/i. The ArcB-A sensor-regulator 
system represses the expression of aerobic genes such as the TCA enzymes (including 
succinate dehydrogenase) and the aerobic electron transport chain. The fur product (Fnr), 
positively regulates the terminal reductase genes, including the ftimarate reductase 
operon, in the absence of oxygen; analogues have been identified in other organisms 
(Saffarini & Nealson, 1993). In this situation the iron-sulfur cluster of Fnr is reduced and 
the regulatory protein is activated (Unden & Guest, 1985). A hierarchy of electron 
acceptors also exists under anaerobic conditions. In other words, nitrate represses other 
terminal reductases that use less electropositive acceptors through the action of the NarL 
regulatory protein4. In contrast, flimarate is the lowest electron acceptor in the hierarchy, 
with the least energy conservation. 
Under aerobic conditions, the expression of the operon, FrdABCD, is repressed. 
Thus, although fumarate reductase is capable of catalysing succinate oxidation in vitro, it 
will not be synthesised in sufficient quantities under the aerobic conditions required for 
the TCA cycle. In the same way, the expression of the succinate dehydrogenase operon, 
SdhCDAB, is repressed in the absence of oxygen, and this enzyme is not produced in 
sufficient quantities to enable respiration on flimarate (Hirsch et al., 1963). The overall 
composition of the two operons show close resemblance in terms of possessing four 
comparable genes and the economy of sequence observed in the overlapping of genes 
(Wood et al., 1984). The major difference is the gene order although it is not yet known 
' Note that anaerobic respiration within W. succino genes is not controlled by the electropositivity 
of the electron acceptors, but sulfur respiration is preferential to fumarate and nitrate on the 
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whether this has any functional significance. The preserved order and the similarity of the 
fiavoprotein and iron-sulfur protein genes (AB) indicates possible evolution by gene 
duplication. The order of the genes encoding the hydrophobic proteins (CD) is also 
preserved, although these genes are not so similar. It has been proposed that this 
succinate dehydrogenase has evolved from primitive flimarate reductase systems that 
operated under anaerobic conditions of the Earth before the oxygen levels rose 
(Gest, 1980; Tielens & van Hellemond, 1998). In early fermentation systems flimarate 
could be used as an accessory oxidant, such that the redox balance could be maintained 
with simultaneous biosynthesis of useful precursor molecules. The next step seems to be 
the addition of intermediary electron carriers e.g. b-type cytochromes, and the 
incorporation of most of the system into the cytoplasmic membrane such that ATP can be 
generated as a result of NADH oxidation (Cole et al., 1985). Since the major family of 
fumarate reductases also contain covalently-bound flavin, this covalent linkage might also 
have been introduced at this stage. Those organisms that survived the increasing oxygen 
levels in the atmosphere adapted the existing anaerobic machinery to deal with and 
benefit from oxygen. It is conceivable that as the TCA cycle evolved, flimarate reductase 
was modified to achieve the reverse reaction more efficiently. This would involve the 
synthesis of Q, instead of MK, and the raising of the reduction potentials of the redox 
centres so that they are appropriate for mediating electron transfer between the higher 
potential Q and succinate. Gest's theory was based on the characteristics of the major 
family of these oxidoreductases, including E. co/i fumarate reductase and succinate 
dehydrogenase, and fumarate reductases obtained form other sources. Table 5.3. The 
ftimarate reductase from Desulfovibrio multispirans has been presented as the missing 
evolutionary link between the periplasmic unidirectional enzymes such as 
flavocytochrome c3 from Shewanella frigidimarina, and the membrane-bound enzymes 
that are capable of catalysing succinate oxidation e.g. E. co/i fumarate reductase. 
basis of faster growth rates. 
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Table 5.3: Comparison of the fumarate reductase enzymes from the major family (including 
E. coil fumarate reductase), Desulfovibrio multispirans and She wáneila frigidimarina. The 
Desulfovibrio enzyme might represent the "missing link" between the simple, unidirectional 
enzymes and the membrane-bound enzymes that are also capable of succinate oxidation. 





Iron-sulfur clusters V X 
Four sub-units I 1' X 









Covalent-bound FAD I X X 
Bidirectional I X X 
The flavoprotein subunits of all these enzymes show significant homology 
(Cole, 1982) but, as Table 5.3 shows, there are some significant differences between the 
three types of flimarate reductase. Flavocytochrome c3 is a soluble unidirectional enzyme 
from S. frigidimarina. According to Blaut's hypothesis this unidirectionality is associated 
with the non-covalently bound nature of the flavin (Blaut et al., 1989). It is also unique 
among fumarate reductase enzymes since it employs four c-type cytochromes rather than 
the usual iron-sulfur clusters as electron-transfer mediating groups. It is of interest to 
understand how the thermodynamics of the electron-transfer pathway of the frimarate 
reductases might have evolved. The determination of the thermodynamics of fumarate 
reduction by fiavocytochrome c3 is the focus of the rest of this chapter. It will be 
compared with that previously characterised for E. coil flimarate reductase to investigate 
the differences between the iron-sulfur clusters and the c-type cytochromes, and the 
impact of the covalent linkage on the reduction potential of the flavin. 
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5.1.2 Fumarate respiration in Shewanella frigidimarina 
Flavocytochrome c3 is a unique fumarate reductase that is expressed in the 
periplasm of the NCIMB400 strain of Shewnellafrigidimarina originally isolated off the 
North Sea coast of Scotland. The strain was previously known as Shewanella 
putrefaciens but has been reclassified since it is more closely related to the newly 
identified S. frigidimarina, from Antarctic sera ice, than to the Shewanella putrefaciens 
type strain (Reid & Gordon, 1999). The S. frigidimarina NCIIVIB400 bacterium is a 
Gram-negative facultative anaerobe that, in the absence of oxygen, can couple growth to 
the reduction of at least 10 different terminal electron acceptors, Table 5.4. The unusual 
ability of this bacterium to respire on both trimethylamine-N-oxide, TMAO, and Fe(III) is 
associated with its implication in food spoilage and deep sea pipe corrosion. 
Table 5.4: The diverse range of terminal electron acceptors that Shewanella frigidimanna can 
employ for anaerobic respiration. 
Compound Compound 
Fumarate Elemental sulfur 
Nitrate DMSO 
Nitrite TMAO 
Sulfate Mn (IV) 
Thiosulfate Fe(Ill) 
Gordon and co-workers (1998) established that the physiological function of 
flavocytochrome c3  is fumarate reduction, and that the location of the enzyme in the 
periplasm was critical to its function. A null mutant, prepared by disruption of the 
chromosomal ftcA gene, had specifically lost fumarate reductase activity; the growth 
patterns with other terminal electron acceptors were indistinguishable. The replacement 
of the fccA gene in EG301 led to the restoration of the activity. Therefore, 
flavocytochrome c3  is the only flimarate reductase expressed under anaerobic conditions 
with fumarate as the sole terminal electron acceptor. However, a second periplasmic 
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tetra-haem flavocytochrome c3 , isoflavocytochrome c3 , is expressed when the 
NCIMB400 strain is grown anaerobically with soluble Fem as the terminal electron 
acceptor (Dobbin et al., 1999). The physiological function of this isoflavocytochrome c3 
is not flimarate reduction although it has equivalent flimarate reductase activity to 
fiavocytochrome c3 . 
The expression of thefccA gene, that encodes fiavocytochrome c3 , is regulated by 
anaerobiosis and by the availability of alternative electron acceptors. In particular, TMAO 
is preferentially employed as this is both more electropositive and more abundant in the 
native marine environment. Fumarate respiration is also under the control of the protein, 
EtrA, a homologue of the FNR protein in E. coli (Saffarini & Nealson, 1993). However, 
Gordon and co-workers found no experimental evidence for the direct interaction of EtrA 
and thefccA promoter (1998). 
The gene sequence of Shewanella has also been examined in order to identify 
candidates for the physiological electron donor to flavocytochrome c3 . One possibility is 
the membrane-bound CymA protein, identified by Myers & Myers (1997). There is, as 
yet, no experimental evidence for the direct interaction of flavocytochrome c3 and CymA. 
However, defects in the gene encoding this protein result in growth deficiencies with 
several electron acceptors including fumarate. This tetra-haem c-type cytochrome shows 
considerable similarity to NapC, which is thought to be the electron-transfer mediator 
btween quinones and the periplasmic nitrite reductase in organisms such as 
T pantoiropha (Berks etal., 1995). 
5.1.2.1 Flavocytochrome c3 
Flavocytochrome c3 shows 26% sequence identity with E. co/i fumarate reductase 
but 29% identity with the fumarate reductase from S. cerevisiae that is encoded by the 
OSM1 gene (Pealing et al., 1992; Muratsubaki & Enomoto, 1998). In both cases the 
histidine responsible for the covalent linkage of fiavin is replaced by an asparagine, and an 
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acidic residue is present to non-covalently bind to the adenine ribose hydroxy group as in 
glutathione reductase, another enzyme that contains non-covalently bound flavin. In 
addition, both fumarate reductases are soluble, the single polypeptides do not contain 
iron-sulfur clusters, and catalysis is essentially unidirectional. The ratio of maximum 
catalytic efficiencies for fumarate reduction and succinate oxidation by flavocytochrome 
c3 are 2.1 x 10 s (at pH 7.2) and 933 M' s 1 (at pH 8.5) respectively (Turner etal., 
1999). Despite these similarities, flavocytochrome c3 is a unique flimarate reductase 
because it employs four c-type haems to achieve FAD reduction. This N-terminal 
cytochrome domain (117 amino acid residues) contains the four c-type haem binding 
motifs (CXXCH) but the sequence shows only limited similarity to cytochrome c3 from 
sulfate reducers and the corresponding domains from other fiavocytochromes c 
e.g. p-cresol methylhydroxylase. Therefore, the subscript of fiavocytochrome c 3 , is used 
to make the distinction. The His I His axial ligation of the four low-spin haems is 
consistent with the amino acid sequence and has been established by MCD and EPR 
studies (Pealing et al., 1995). 
The alignment of the fiavoprotein amino acid sequences of flavocytochrome c3 
against four other fumarate reductases and three succinate dehydrogenases led to the 
identification of 36 conserved residues (Pealing et al., 1992). On the basis of the 
experimental evidence for the roles of these conserved residues in the other enzymes, the 
authors proposed functions for five active-site residues. Chapman and co-workers 
initiated a program of site-directed mutagenesis to investigate their roles in catalysis. In 
addition, the atomic resolution structure of flavocytochrome c3 has recently been 
determined and has aided the identification of critical active-site residues (Taylor et al., 
1999). 
The crystal structure of E. coil fumarate reductase was also recently published but the atomic 
resolution was not achieved and therefore the critical active-site residues could not be identified 
(Iverson etal., 1999). 
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Pealing and co-workers (1992) proposed that two arginine residues are involved 
in the binding of the dicarboxylate substrate: Arg 3811 and Arg 544. The former is 
believed to be analogous to Arg 248 that was shown to be critical to efficient fumarate 
reductase activity in E. coil fumarate reductase by mutation to either histidine or leucine. 
The mutation had little effect on Km and therefore the residue is believed to stabilize the 
transition state (SchrOder et al., 1991). The importance of a second arginine was 
established by the elimination of the residual activity of this mutant by the treatment with 
an arginine-specific reagent. The role of this second conserved arginine, Arg 544, is 
proposed to be the stabilisation of the Michaelis complex. 
Vik and Hatefi (1981) proposed that the opposite pH-dependencies of fumarate 
reduction and succinate oxidation of the succinate dehydrogenase from bovine heart 
mitochondria indicated an active-site residue that acted as a general acid-base catalyst. 
They attributed this effect to a single histidine that is modified by diethyl pyrocarbonate 
treatment. The role of the corresponding residue in E. coil fumarate reductase, His 232, 
has been assessed by chemical modification with Rose Bengal and mutation to serine 
(SchrOder et al., 1991). In both cases there was a small decrease in the fumarate 
reductase activity (i.e. kcatfKm decreases by ca. 16-fold) but a far more drastic reduction 
in the succinate oxidase activity was observed (ca. 200-fold). The authors proposed that 
in flimarate reduction an alternative proton donor is employed, but this is ineffective for 
the reverse reaction. His365 is the analogous residue in fiavocytochrome c3 although 
there are two other histidines that are conserved throughout all of the sequences. It has 
been confirmed that His 365 is a component of the active-site in the crystal structure of 
flavocytochrome c3 (Taylor etal., 1999). 
The ability of a histidine to act as a proton donor can be influenced by a 
neighboring residue. More specifically, in serine proteases such as chymotrypsin (Fersht 
& Sperling, 1973) and in the 2-hdroxyacid dehydrogenases of lactate and malate (Birktoft 
& Banaszak, 1973) a His-Asp pairing has been identified. This is of particular interest as 
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there are also two conserved aspartate residues in these flimarate reductases, Asp 187 
and Asp 195, in the flavocytochrome c3 sequence. In the literature, the ion-pairing was 
proposed to improve the ability of histidine to donate protons by raising the pKa to 7.5 
and positioning the imida.zole ring in the optimum orientation. The dehydrogenase 
enzymes also illustrate how the protonation status of the histidine affects the relative 
affinities of the enzyme for the reduced and oxidised NADH cofactor. That is, the 
thermodynamics of reduction are affected by the pH. It was therefore proposed that in 
flavocytochrome c3 a similar His-Asp pair donates a proton to thmarate, with the 
accompanying hydride transfer from flavin. Thus it is interesting to establish whether the 
kinetics and thermodynamics of the flavin-+fijmarate electron-transfer step might be 
influenced by the protonation status of the His 365, and its interaction with a neighboring 
aspartate residue, Asp 195. For this reason two single mutants (His 365 Ala and 
Asp 195 Ala) and a double mutant (His 365 Ala / Asp 195 Ala) were constructed. The 
investigation of the impact of pH on the electron-transport pathway, in particular the 
flavin reduction potential, of the wild-type and these three mutants is described in 
Section 5.2.3.2. 
The nature of in vivo electron delivery to flavocytochrome c3 is not clear. The 
physiological electron donor might well be the low potential menaquinone, as in the case 
of E. co/i flimarate reductase. However, there is some evidence that the membrane-bound 
tetra-haem CymA protein might mediate electron transfer between quinone and the 
terminal reductase, as implicated for the periplasmic nitrite reductase in T pantotropha 
(Berks et al., 1995; Myers & Myers, 1997). As illustrated in Figure 5.3, the flavin is 
buried within the polypeptide, and is therefore indirectly reduced by the cytochrome 
domain with its surface-exposed haem edges (Taylor et al., 1999). This is supported by 
fast-scan protein film voltammetiy studies where the haem-+flavin electron transfer step 
can be outrun (Jones etal., 1999). 
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Figure 5.3: The function of flavocytochrome c3 in the electron-transport chain of 
S. frigidimarina based on the crystal structure (Taylor et al.,1999). Fumarate reduction 
occurs at the FAD active site. The c-type haems act as mediating groups in the 
electron transfer between the physiological electron donor and the flavin. Menaquinone 
is a candidate for the electron donor, by analogy with E. coil fumarate reductase, 
although the membrane-bound CymA protein might also be involved (Myers & Myers, 
1997). 
Preliminary estimates of the reduction potentials of the four haems indicated that 
they exist as two pairs, -220 mV and -320 mV (Morris et al., 1994). Although the 
pairwise nature of haem reduction is consistent with the biphasic nature of haem 
reoxidation in stopped-flow kinetic experiments (Pealing et al., 1995) the potentials are 
too low for reduction by menaquinone (E' = -74 mV). Better quality data is required for 
the redox characterisation of the four haems to determine accurate reduction potentials 
and establish whether haem reduction is cooperative. It is also worth investigating 
whether a single electron-transfer pathway exists, or if there is any evidence for a booster 
pathway as in the case of E. co/i fumarate reductase (Heenng et al., 1997). The redox 
properties of the flavin have not previously been studied. On the basis of the non-covalent 
MCI  
binding of the cofactor and the unidirectionality of enzyme catalysis it is anticipated that 
the potential is more negative than that of E. coli fumarate reductase i.e. E' 12 <48 mV, 
see Table 5.2. Since the two-electron reduction of fümarate also involves the transfer of 
two protons a dependence of the flavin potential on the pH, through the protonation 
status of a nearby active-site residue is also predicted, see Section 1.1.2. 
Protein film voltanimetry has been successfully applied to the E. co/i frimarate 
reductase (Heering et al., 1997; Sucheta et al., 1993) and the succinate dehydrogenase 
from bovine heart mitochondria (Sucheta et a!, 1992; Hirst et al., 1996, 1997). The 
power of the technique for the study of the electron transport within these 
oxidoreductases was demonstrated in the ability to resolve potentials for the individual 
redox centres under non-turnover conditions. Moreover, the Michaelis-Menten 
parameters for catalytic activity were measured, and the relationships between the 
rate-determining steps under catalytic conditions and specific redox centres were 
established e.g. Centre 2 as a booster pathway in E. coli fumarate reductase. Other 
interesting features were the reductive activation of oxalacetate-bound flimarate 
reductase (Heering et al., 1997) and the unusual diode-like behaviour of the succinate 
dehydrogenase (Sucheta et al., 1992). Given the similarity of these enzymes with 
fiavocytochrome c3  it was proposed that preparation of active enzyme films at PGE 
electrodes would be viable such that the reversible electrochemistry of all five redox 
centres could be investigated. 
The complete redox characterisation of flavocytochrome c3 reported in the next 
section was achieved by the combination of protein film voltammetry and redox 
potentiometry. A particular advantage of the PFV technique was the ability to monitor 
the flavin since this centre cannot be detected by UV-visible spectrophotometry due to 
the intense absorption of the four haems. In addition, the economy of PFV, as regards 
both time and sample, permitted a thorough study of the impact of pH and a specific 
active-site mutation on the thermodynamics of the electron-transfer pathway. The 
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combination of the voltammetnc technique with a potentiometric titration allowed the 
assessment of the impact of immobilisation at the electrode upon the reduction potentials 
of the four haem centres. The reduction of the four haems was monitored 
spectrophotometrically and sufficient data points were recorded that allowed the 
absorbance change to be resolved into the contribution of the four haems; the previous 
titration was resolved into two haem pairs (Morris et al., 1994). 
5.2 Results 
The thermodynamics of the electron-transfer pathway in flavocytochrome c3 have 
been investigated and are described in two main sections 6 . The first section describes the 
application of UV-Visible redox potentiometry to determine the four haem reduction 
potentials. The second section covers voltammetry studies on flavocytochrome c3 films. 
5.2.1 Redox potentiometry 
The reduction of the flavin in flavocytochrome c3 cannot be monitored by 
UV-visible spectrophotometry since its signal is largely obscured by the strongly 
absorbing haems, as described in Section 5.1. However, the reduction potentials of the 
four haems of flavocytochrome c3 were investigated by potentiometric titrations at pH 
7.0, 25 °C. Results are shown in Figure 5.4. The degree of haem reduction was 
monitored in both the reductive and oxidative directions using the change in the haem 
UV-Vis absorbance at 554 nm, and was fliily reversible 7. At this wavelength there is 
negligible absorbance change due to the FAD. The absorbance change due to methyl 
viologen only contributed significantly at potentials below -350 mV when reduction of 
the enzyme was already complete. 
6 This work has already been published as Turner et al. (1999). 
The reversibility of the reduction process was confirmed by reductive and oxidative titrations 
on two different samples, since some degradation of the enzyme sample occurs throughout the 
course of titration in the reductive direction. Hence, the oxidative titration consisted of rapid and 
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Figure 5.4: Oxidative titration of flavocytochrome c3 with ferricyanide (pH 7 and 
25 °C). A) Successive spectra monitoring the extent of haem oxidation. B) Plot of the 
extent of haem reduction, measured at Abs 554 , as a function of the reduction potential. 
Data (u) and the best fit of the data ( ) to equation 5.1, yielding the following 
estimates: E'Hl = - 80 mV, E'H2 = - 142 mV, E'H3 = - 195 mV, and E'H4= -274 mV. 
The absorbance at 554 nm is the sum of the absorbances of four haems. The 
change in this absorbance during the reductive titration corresponds to the complete 
reduction of the tetra-haem moiety, which has five different net redox states. The 
experimental data were fitted to a model, described by equation 5.1, in which each 
one-electron reduction (i = I to 4) is represented by a Nernst equation, as in equation 1.8, 
and causes a quarter of the total absorbance change. 
(F(Eh—)7) 	
(5.1) ) 
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The extinction coefficients t and Cred are for one oxidised and one reduced haem 
respectively, E is the applied potential (mV), and E'HI is the formal reduction potential 
with initial estimates taken from the PFV data. The oxidative data yielded estimates: 
E' 111 = -80 mV, E' -142 mV, E'IL = -195 mV, and E'114 = -274 mV as listed in Table 
5.6. The data showed good fits with the proposed model of four independent haems and 
remarkable agreement with the parameters determined from the cyclic voltammetry data. 
5.2.2 Optimisation of flavocytochronie c 3 film voltammetrv 
Preliminary flavocytochrome c3  films, prepared before the conditions were 
optimised, showed low electroactive coverages, low catalytic activities and low stabilities, 
as summarised in Table 5.5 and illustrated in Figure 5.5. In order to achieve reproducibly, 
stable monolayer films of electroactive and catalytically active enzyme molecules a 
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Figure 5.5: The non-turnover and catalytic scans of a flavocytochrome c3 film 
prepared under non-optimised conditions i.e. 1 ptM standard purity fiavocytochrome c 3 , 
pH 7, 0 °C, and no polymyxin B sulfate. Scan conditions: 20 mV s_ i , 1400 rpm 
Temperature 
Enzyme adsorption can often be improved at low temperatures, due to lower 
random molecular motion, leading to higher electroactive coverage and catalytic activity. 
Flavocytochrome c3  films prepared at 4 °C showed higher electroactive coverage than 
those prepared at 24 °C. The non-turnover and turnover responses were also more stable 
at the lower temperature due to the reduced degradation of the enzyme film. The 
decrease in observed activity was attributed to degradation of the actual film since 
maximal catalytic activity could be regained by repolishing the PGE electrode and 
preparing a new film from the same experimental solution. Clearly, if the enzyme 
molecules in solution had also denatured under the experimental conditions, the overall 
catalytic currents obtainable by new films would dramatically decrease. It was necessary 
to carry out the voltammetric investigation of the enzyme films at 24 °C, in order to be 
able to compare directly to solution studies. However the combination of the long time 
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required for monolayer adsorption (ca. 7 mins.) and the low stability of enzyme films at 
24 °C prevented their formation and investigation at this temperature. The experimental 
strategy adopted in these studies avoided long incubation times at 24 °C by film 
preparation at 4 °C and then rapid reequilibration at the higher temperature. As Figure 
5.6 shows, the temperature could be shifted to 24 °C in Ca. 2 nuns. 
Figure 5.6: The rapid re-equilibration of electrochemical cell temperature from 4 °C to 
24 °C by switching to a second thermostat that is external to the glovebox. 
pH range 
The pH range available for study was limited to pH 5 to 9 by the properties of the 
films prepared under these conditions. Degradation of the enzyme films, as measured by 
the appearance of a free-flavin peak at ca. —210 mV (pH 7) or by a decrease in catalytic 
current, was minimal at pH 7.0, with greatest instability being observed at the most 
extreme pH values used, pH 5 and 9. 
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Applied Potential 
During preliminary studies it was noted that the faradaic current increased 
dramatically between the reductive and oxidative portions of the first scan during enzyme 
adsorption. Therefore film formation was initiated by the application of a fixed reducing 
potential of - 640 mV. 
Enzyme purity 
Increasing the bulk concentration of enzyme showed negligible improvement in 
flavocytochrome c3  adsorption; monolayer films could be achieved with a bulk enzyme 
concentration of only 0.4 j.tM (or 0.32 pmoles enzyme). The purity of the enzyme sample 
appeared to be far more critical to obtaining good films. It has been proposed that the 
reduced electroactive coverage and activity due to the presence of impurities is due to a 
greater affinity of the electrode for protein impurities and/or denatured protein relative to 
the native protein (Armstrong et al., 1997). Films prepared with enzyme that had 
undergone an additional purification step, MonoQ column, showed higher electroactivity, 
fumarate reductase activity and stability. 
Promoters 
The interaction of an enzyme and electrode can be improved by the use of 
promoters, e.g. polymyxin B sulfate. These compounds affect only the surface 
interactions and are not involved in electron transfer between the electrode and enzyme, 
as discussed in Section 1.3.1.2. Polymyxin B sulfate (200 .Lg ml') could be included in 
the electrolyte preparation, or added to the cell as an aliquot with the enzyme sample. 
The ability of the promoter to improve the interaction of the enzyme with the electrode 
may exist because of the creation of ternary salt bridges between the two surfaces 
(Armstrong etal., 1997). 
187 
Optimised conditions 
The combination of low temperature film preparation, polymyxin B sulfate as 
coadsorbate, and the additional purification of flavocytochrome c 3 were the most 
important factors in achieving good enzyme films, as summarised in Table 5.5. 
Table 5.5: Summary of the optimisation of flavocytochrome c3 film properties by the use of 
polymyxin B sulfate as a coadsorbate and highly purified enzyme. Film preparation and 
voltammetric investigation carried out at pH 7, 0 - 4 °C with :!~ I p.M enzyme. 
Property Preliminary Optimised conditions 
conditions 
 coverage <4x 1012  mol cm 2 9x 
 10-12 mol cm 2 fElectroactive
 
catalytic current 1 .tA 13 t.tA 
 7, 24 °C 
ge mass-limited - 50% > 85% 
fter 25 minutes 
where Preliminary conditions are standard purity flavocytochrome c3 and Optimised 
conditions are highly-purified flavocytochrome c3 with 200 jig ml-1 polymyxin B sulfate 
as coadsorbate. 
Films prepared on a PGE electrode using highly-purified flavocytochrome c 3 with 
polymyxin B sulfate as coadsorbate showed high electroactivity, fumarate reductase 
activity and stability. Rotating the electrode in a dilute solution of enzyme at 4 °C caused 
the formation of characteristic non-turnover cyclic voltammetric signals, in the form of a 
broad envelope of oxidation and reduction peaks, which were insensitive to the electrode 
rotation rate and thus arose from a non-diffusing redox system. On addition of fumarate 
the envelope of signals transformed into a catalytic wave, which was peak-like at a 
stationary electrode, but became sigmoidal and grew in size as the electrode was rotated 
at increasing speeds, Figure 5.7. 
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Figure 5.7: A) Conversion of non-turnover cyclic voltammograms to catalytic 
sigmoidal waveforms on addition of fumarate. B) Baseline-corrected non-turnover 
signals under the same conditions (20 mV pH 5, and 4 °C). 
Oxidative 
Under these conditions reproducible film preparation could be achieved. On two 
separate days films were prepared at pH 8 and 4 °C, with 200 .tg m14 polymyxin B 
sulfate and 0.4 l.LM extra pure flavocytochrome c 3 . The coverages, estimated from the 
peak area of the non-turnover scans, and mass-limited currents, at - 640 mV, were 
identical. 
5.2.3 Non-turnover voltammetrv of flavocytochrome c3 films 
The non-turnover voltammograms of flavocytochrome c3 were investigated at 
pH 7 and 24 °C. This first section introduces two models for the deconvolution of such 
voltammograms to determine the reduction potentials of all five redox centres in the 
wild-type enzyme. The reduction potentials of the four haems are compared to those 
determined by redox potentiometry, reported in Section 5.2.1. Then, the pH-dependence 
of the thermodynamics of the electron-transfer pathway is presented for both wild-type 
and mutant forms (H365A, D195A and H365A / D195A) of the enzyme, with a more 
detailed description of the pH-dependence of the flavin potential. 
5.2.3.1 Thermodynamics of the electron-transfer pathway at pH 7, 24 °C 
The voltammetric investigation of the flavocytochrome c 3-PGE electrode system, 
in the absence of ftimarate, reveals a broad envelope of oxidation and reduction peaks. 
These peaks are insensitive to the electrode rotation rate and thus arise from a 
non-diffusing redox couple i.e. the immobilised enzyme. Non-turnover voltammograms 
were obtained for freshly prepared films, within the pH range 5 to 9. The scan rate of 
100 mV s was shown to achieve reversible electrochemistry. In an individual scan the 
separation between the oxidative and reductive peaks was small, and both the heights and 
areas for the oxidative and reductive peaks were comparable. Consecutive scans were 
superimposable. The non-turnover voltammograms were corrected for background 
current using a cubic splines interpolation with fast Fourier smoothing (Heering et al., 
1997). The baseline-corrected non-turnover voltammograms represent the reversible 
electrochemistry of five redox centres. As shown in Figure 5.8, the most prominent 
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Figure 5.8: Baseline-corrected non-turnover oxidative scan at i) pH 7.0 and ii) pH 8.8 
(24 °C). Smoothed data, Deconvoluted data using the 9-parameter model: Fit (green 










-0.5 	-0.4 	-0.3 	-0.2 	-0.1 	-U.0 	u.1 	u.2 
potential (V vs SHE) 
The sharp signal is assigned to the redox couple of the FAD on the basis of its 
two-electron nature (narrow half-height peak width, large area) and the significant 
pH dependence. It dominates a broader envelope containing the overlapping 
contributions of four one-electron haem centres. At low pH values two additional 
features were often evident, Figure 5.9. 
Figure 5.9: Non-turnover voltammogram of flavocytochrome c3 film revealing two 
additional features found at low pH (pH 6, 24 °C, 100 mV s -1 ). For a description see 
text. A) Unbound FAD redox couple (E'12 is Ca. 200 my) due to the dissociation of the 
flavin, and B) Catalytic current due to contamination from trace levels of substrate. 
One signal, consisting of an oxidation and reduction peak, with a reduction 
potential ca. 80 mV more negative than the signal due to enzyme-bound flavin, appeared 
as a result of flavin dissociation despite film preparation at low temperature. In cases 
where film stability was particularly poor (mutant enzymes, pH extremes, high 
temperature) the dissociation of flavin could be quantitated by the growth of this peak at 
the expense of the bound flavin peak using the 11-parameter model, see later. The other 
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feature was a small 'shoulder' which appeared only in the positive potential flank of the 
reductive scan. This represented a low but variable contribution as compared to the rest 
of the broad envelope, raising the interesting possibility that this is a catalytic current due 
to contamination from trace levels of substrate. Indeed, the enzyme activity is sufficiently 
high, particularly at this pH, that even nanomolar levels of fumarate should produce 
observable reduction currents in this region of potential' (Heering et al., 1998). 
Consequently, under low pH conditions, data from the two potential extremes of the 
envelope were excluded from the fitting procedure. 
Deconvolution of the non-turnover peaks using the 9-parameter model, was 
performed by a least squares fit to the sum of the five voltammetric peaks with equal 
surface concentrations. The shape of each peak is described by equation 5.2 (Laviron, 
1982). 
= nnF2u4F 	








where o is the scan rate (V s 1 ), F is the surface concentration (mol cm 2), A is the electrode 
area (cm2), E is the applied potential (V), E' is the potential at the peak maximum (V), n is 
the stoichiometric number of electrons and flapp  is the apparent number of electrons as 






The four haem signals were assumed to be ideal one-electron peaks 
(flapp = = 1). The FAD was treated as a two-electron peak (n = 2) where the parameter 
of flapp was fitted to give an indication of the degree of cooperativity between the two 
8 This phenomenon is currently under investigation by Armstrong and co-workers, Inorganic 
Chemistry Laboratories, Oxford University. England. 
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one-electron reduction steps of the flavin, see Appendix 7.2. Two extra parameters for an 
additional linear baseline correction (gradient = m; intercept = c) resulted in a 9-
parameter model 9 . Deconvolution revealed the total contribution from four independent 
haem centres to be double that of the FAD i.e. as expected if all these groups are 
electroactive. Attempts to decrease the contributions of the one-electron centres relative 
to that of the sharp FAD component gave less satisfactory fits. Electroactive coverages 
(based upon six-electron capacity) were quite uniform over the pH range 5 to 9 (Ca. 
9 x 1012  moles cm-2) and the average value of 1app  for FAD was 1.60 ± 0.12, which 
again showed little variation with pH. The estimated reduction potentials at pH 7.0 and 
24 °C are listed in Table 5.6, alongside those determined by redox potentiometry. 
Table 5.6: Comparison of the formal reduction potentials (mV vs. SHE) determined from 
reductive and oxidative titrations of wild-type flavocytochrome c3 in solution and the 






E' 1 2 ND ND -152±2 -125±2 
E'111 -80 ± 15 -96 ± 15 -102±20 -94 ± 10 
E' -142±15 -163±15 -146±10 -140±15 
Erm  -195±15 -223±15 -196±10 -170±15 
E'H4 -274± 15 -280± 15 -238±20 -224± 10 
a E
1 12 is the potential of the two-electron reduction of the FAD group and E'Hl -E'H4 are 
the potentials of the four successive one-electron reductions of the tetra-haem moiety. 
' At 25 OC CAt4 0C. 
The difference in the estimated errors for the reduction potentials of the different 
redox centres reflect the results of the deconvolution of several scans for each 
voltammetric experiment i.e. pH and temperature. The flavin reduction potential can be 
The 9 parameters are F, E'Hl, E'H2, E'H3, E'H4, E'12, flapp  m and c. 
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most accurately estimated (± 2 mV) due to its prominence and narrow half-height peak 
width. At 24 °C, the resolution of the four overlapping broad haem peaks is more difficult 
(± 15 mV) with a lower accuracy for the outer haem peaks (E'Hl and E'H4) due to their 
dependence on the baseline correction (± 20 mV). However, as Table 5.6 clearly shows 
these errors are of the same order as the redox potentiometry results. Indeed, given these 
errors, the haem reduction potentials determined by the two techniques show remarkable 
agreement. There was no evidence for any cooperativity between the haem groups, and 
the data obtained from both techniques (voltammetry and potentiometry) showed good 
fits with the proposed model of four independent haems. 
The thermodynamics of the electron-transfer pathways in three mutants of 
flavocytochrome c3 were also investigated. Histidine 365 and Aspartate 195 were 
believed to be in the active site of the fiavin domain, based on sequence similarity with E. 
co/i fumarate reductase (Pealing etal., 1992). The mutations His365-3Ala, Asp 195-Ma 
and His365-*Ala / Asp 195-+Ala were prepared by site-directed mutagenesis as described 
in Section 2.2.2. Enzymes that contained the Asp195-*Ala mutation showed a 
significantly higher tendency for flavin to dissociate relative to the wild-type and H365A 
enzymes. During the purification of these mutants, additional bands containing either free 
flavin or catalytically inactive enzyme were observed. The film voltammetry of the 
remaining active flavin-bound fraction was also hampered by fiavin dissociation despite 
the low-temperature experimental strategy described in Section 2.4.2. The non-turnover 
voltarnmograms frequently contained an additional peak, with substantial area, due to free 
fiavin. The growth of this peak, at the expense of the bound flavin peak, Figure 5.9, 
clearly affected the assumption that the electroactive surface concentration of bound 
flavin was the same as the four haems. The breakdown of the 9-parameter model, 
described above, led to poor fits to the experimental data and less accurate estimates of 
the reduction potentials of the five redox centres, Figure 5.1 OA. 
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A new 11-parameter model was developed to compensate for the contribution of 
the dissociated fiavin. Firstly, the surface concentration of the haems, FH, and the 
bound fiavin, FFAD, could no longer be assumed to be uniform. However, the increase in 
the surface concentration of the free fiavin was assumed to be equal to the decrease in 
bound fiavin. This was accounted for by the replacement of the total surface 
concentration parameter, F, with the two parameters, FHa and FFAD. An additional term 
was included corresponding to the free flavin two-electron peak with E' (to be 
determined), (flapp is equal to that of bound flavin), and a surface concentration, ['Free 
equal to FHaem - ['flavin. The baseline-corrected non-turnover voltammograms containing a 
significant free flavin peak showed significantly better fits to this 11-parameter model, 
Figure 5.1OB. 
As Table 5.7 records the introduction of two more parameters, resulting in a 
11-parameter fit, yielded more accurate estimates of the properties of the individual peaks 
as well as quantitatively measuring the extent of flavin dissociation of the enzyme film. 
Deconvolution of non-turnover cyclic voltammograms was initially attempted with the 
9-parameter model. Where poor fits were obtained, typically high temperature, extreme 
pH values and the D195A and H365A1D195A mutants, the 11-parameter model was then 
used. 
5.2.3.2 pH studies of the wild-type and three mutant forms (H365A, D195A 
and H365A I Dl 95A) of flavocytochrome C3 
The redox properties of the five centres in wild-type fiavocytochrome c3 have 
been investigated by non-turnover cyclic voltammetry at 24 °C. The estimated reduction 
potentials, value of naw  for the FAD peak, and the electroactive coverage for each pH are 
listed in Table 5.8. Both the electroactive coverage and the value of flapp  for FAD were 
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Figure 5.10: Non-turnover baseline-corrected oxidative scan of the H365A mutant 
(pH 6 and 24 °C). Experimental data (—) and Fit ( ) according to A) the 9-parameter 
model and B) the 11-parameter model. Determined parameters listed in Table 5.7. 
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Table 5.7: Appropriateness of the 11-parameter model for the deconvolution of non-turnover 
voltammograms with 30% free flavin (1-1365A mutant, pH 6, 24 °C). 
Parameter 9-parameter model 11-parameter model 
FHaema 8.6 x 1012  mol CM-2 8.7 x 1012  mol cm 2 
FF a (8.6 x 1012  mol CM-2) 6.8 x 1012  mol cm 2 
flapp 1.41 1.70 
Potentials, all in mV vs. SHE 
E' 12 -115 -112 
E'f N/A -189 
E'Hl -87 -80 
Ellu -176 -163 
-176 -163 
-232 -240 
where the remaining two parameters, m and c, refer to the aaaitionai baseiine 
correction and the values are not recorded here. 
a  For the 9-parameter model, 
['Haem = ['FAD = F i.e. the surface concentration of each haem redox centre. 
Table 5.8: The pH-dependence of properties of the redox centres of flavocytochrome c3 , 
determined by the deconvolution, using the 9-parameter model, of cyclic voltammograms 
obtained within the pH range 5 to 9 (24 °C, 100 mV s 1 ). 
Haem peak potentials (mV) FAD peak Coverage 
(pmol CM-2) pH (or x) E'Hl Efm Efm E'H4 
Ex12 n 
5.38 -107 -141 -148 -216 -79 1.62 13.2 
6.57 -115 -154 -197 -230 -127 1.58 8.9 
7.04 -102 -146 -196 -238 -152 1.61 9.1 
7.56 -101 -145 -215 -259 -175 1.57 19.4 
7.97 -100 -142 -183 -247 -196 1.72 10.4 
8.84 -119 -159 -199 -293 -250 1.56 9.2 
Error ±20 ±15 ±15 ±20 ±2 
. 	 . 
±0.1 ±15% 
and 
 . - 
	
-I - a where, the potentials are versus the standard hydrogen eieciroae u ssigiluielit uu 
the haem peaks is based on the assumption that the peak potentials E'Hl > E'H2> E'H3> E'H4 
for both oxidation and reduction. Note that E 1 12  at pH 5.99 could be estimated as —114 mV 
from the sharp peak, although potentials for the four haems, determined by deconvolution, 
were not meaningful. 
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Figure 5.11 shows that the haem potentials show little dependence on the pH' ° 
but in sharp contrast, the reduction potential of the flavin signal shows a significant 
dependence on pH. At low pH fiavin reduction is accompanied by the transfer of one 
proton (limiting slope 30 mV/pH unit) but at higher pH values, two protons are 
transferred (limiting slope of 60 mV/pH unit), Section 1.1.2. The pH-dependence of 
flavin reduction may be due to the sensitivity of the flavin to one (or more) protonation 
sites. The protonation status of the site affects the ease with which flavin can be reduced. 
The analysis of the flavin reduction potential data can help the identification of the 
protonation site. Initially, the fiavin reduction potentials of native flavocytochrome c3 
films were fitted to equation 1.2, shown in Figure 5.11. The estimated values were 
pK0 = 6.53 ± 0.14 and E'12= 78.3 ± 3.1 mV at 24 °C (7.12 and 78.0 respectively, at 
4 °C). This PKx value suggests that a protonated histidine residue is stabilizing the 
reduced flavin. Note also that His 365 has previously been proposed as a main residue in 
the catalysis of fumarate reduction from sequence comparison (Pealing et al., 1995). It is 
also implicated through a pKa value of Ca. 7.3 for flimarate reduction, and the abolition 
of this pH-dependence in activity by the His365—Ala mutation, see discussion. Since 
Histidine-Aspartate pairs are found in several groups of enzymes, and such ion-pairing 
can shift the pKa of histidine to around 7.5, the role of the Aspartate 195 in fiavin 
stabilisation was also considered (Birktoft & Banaszak, 1973; Fersht & Sperling, 1973). 
For this reason the pH-dependence of the flavin reduction potentials for three mutant 
enzymes: H365A, D195A and H365A / D195A were also investigated by non-turnover 
cyclic voltammetry within the pH range 5 to 9. Where poor fits were obtained by 
deconvolution with the 9-parameter model, the 11-parameter model was used. The flavin 
reduction potential data are plotted against pH in Figure 5.12. 
10  could be proposed that the four haems can be grouped into two pairs with the lower 

















Figure 5.11: The pH-dependence of the midpoint potentials of all five redox centres a 
24 °C, determined by voltammetry of wild-type flavocytochrome C3 films. (haems (• 
A, and .) and flavin (•)) The solid line represents the pH-dependence of thE 









Figure 5.12: The pH-dependence of the flavin reduction potential for wild-type and mutant 
forms (H365A, D195A and H365A1D195A) of flavocytochrome c3 determined by protein film 




The flavin reduction potential data for the wild-type and the three mutant forms of 
the enzyme were fitted to equation 1. 1. The fits are illustrated in Figure 5.12 and the 
estimated parameters are listed in Table 5.9. The data points for all four enzymes lie 
within the indicated narrow band, that can be represented by an error in E° 12 of± 18 mV, 
with little variation in PLx  and pKra ' 1 . The accuracy of the estimates of pK0 and pKretj 
for the individual enzymes is severely affected by the greater error associated with the 
data points at the extremes of the pH range, due to the instability of the flavin. Therefore 
it is dangerous to conclude too much about the impact of the mutations. However, it is 
noted from Table 5.5, that both E 0 12 and pK0 are altered on the Asp l95—Ala mutation. 
The small differences in the pH dependence of the flavin potential imply that the 
thermodynamics of the electron transfer pathways in each of these enzymes is essentially 
the same throughout the pH range studied. 
Table 5.9: Estimated values of pK0 and pK ed for the wild-type, H365A, D195A and 
H365A / D195A mutant forms of fiavocytochrome c3 as determined by protein film 
voltammetry (24 °C). Data was fitted to equation 5.3, see text. 
Enzyme PKox PKrei E0 12 (mV) 
Native 5.9±0.2 9.2±0.6 276+31 
H365A 5.8±0.1 8.8±0.1 270±5 
D195A 6.4±0.1 8.8±0.2 248±10 
H365A1D195A 6.7±0.1 8.8±0.2 243±9 
ii Upper error limit: E 0 1 2 = 242 mV, PKOX = 6.2; Lower error limit: E 11 12 = 277 mV, pK0 = 6.1. 
Both have a value for pK of 8.8. 
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5.2.4 Fumarate reductase activity of flavocytochrome c 3 films 
This section includes the determination of Michaelis-Menten parameters of the 
fiavocytochrome c3 ifim for flimarate reduction at pH 7, 24 °C and the p11-dependence of 
the maximal flimarate reductase activity of the immobilised enzyme. 
5.2.4.1 Determination of the Michaelis-Menten parameters at pH 7 
In order to confirm that the catalytic properties of the enzyme were unperturbed 
on adsorption, the fumarate reductase activity of the immobilised film was investigated at 
pH 7, 24 °C. The data were obtained after rapid reequilibration at 24 °C, to enable direct 
comparison with solution parameters, as described in Section 2.4.2. The mass-transport 
limited current was measured for different rotation rates and fumarate concentrations. 
The rotation-rate dependence of the mass-transport limited current was measured at the 
fixed potential of - 640 mV, to reduce the data acquisition time to less than 5 minutes. 
This potentiostatic strategy was preferable to the cyclic voltammetry, where significant 
film degradation would have occured during scanning the entire potential range (+ 240 to 
- 640 mV) for each rotation rate. 
Despite the potentiostatic strategy, the enzyme films showed some degradation 
though the course of a single data set i.e. at one fumarate concentration. This degradation 
appeared to be exacerbated by the use of high rotation rates, and was most predominant 
at high fumarate concentrations. To correct for the loss of activity during the course of a 
data set the average of two current measurements for each rotation rate was determined. 
In addition, a fresh film was prepared for each fumarate concentration. The catalytic 
currents were normalised with respect to the electroactive coverage of each film. For 
fumarate concentrations greater than 100 i.LM the electroactive coverage dropped by up 
to 25 % during the course of the data set. In this case the coverage was remeasured after 
the data set, by the introduction of fresh substrate-free electrolyte. The average value of 
the coverage measured before and after the data set was used in the calculations. In this 
way the mass-transport limiting current was obtained for several rotation rates and 
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fumarate concentrations. The data were considered in terms of the theoretical model for 
electron transport during catalysis, as outlined in Section 1.3.4.2, and analyzed using 
Koutecky-Levich and Michaelis-Menten analyses. The Koutecky-Levich analysis involved 
the analysis of the rotation-rate dependence of the mass-transport limiting current. The 
catalytic current, i, at infinite rotation rate was determined as the intercept of a 
Koutecky-Levich plot, Figure 5.13, based on equation 1.22. The resulting values of 
catalytic current were normalised, with respect to the electroactive surface concentration 
for each data set, and plotted against fumarate concentration, as in Figure 5.14. 
The data were fitted to equation 1.20 to yield the Michaelis-Menten parameters 
for flimarate reduction of the immobilised flavocytochrome c3. The resulting kinetic 
parameters are compared to those determined by solution assays, at pH 7, 25 °C, in 
Table 5.10. The catalytic efficiency of flavocytochrome c3 is identical for the solution and 
immobilised state. However, even with the larger errors involved in the determination of 
kinetic parameters by the protein film voltammetry technique, the rate constant for 
fumarate reduction is Ca. 1.5 times larger than that for the enzyme in solution. This 
phenomenon has been observed for a glucose oxidase-electrode system (Degani & Heller, 
1988). 
Table 5.10: Comparison of the Michaelis-Mentefl parameters (pH 7.0) and pK a values for 
fumarate reduction of flavocytochrome c3 determined by solution assays and protein film 
voltammetry, 24 °C. 
Parameter Solution Assay 




587±40 s 1 , 1070±160s', 
Km 36±8M 66±24.LM 
kcat/Km 1.6x107 M's 1 . 1.6x107 M 1 s'. 
pK 7.32 ± 0.04 7.52 ± 0.33 
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Figure 5.13: Fumarate reductase activity of immobilised flavocytochrome c3 at pH 7.0, 
24 °C. The Koutecky- Levich plot, based on equation 1.22 Data before correction for 
electroactive coverage of each individual data set. 
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Figure 5.14: Fumarate reductase activity of immobilised flavocytochrOme c3 at pH 7.0, 
24 C. Dependence of catalytic current on fumarate concentration. The estimated 
kinetic parameters obtained by fitting of the data to equation 1.20 were kcat = 1070 ± 
160 S,  Km  = 66 ± 24 .LM and thus kcat/KM = 1.62 X 10' M 1 S 1 . 
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5.2.4.2 The pH-dependence of the fumarate reductase activity of 
flavocytochrome c 3 films 
The maximal fumarate reductase activity of the immobilised enzyme was 
investigated at four pH values within the range 5 to 9, at 4 °C. This was achieved by the 
measurement of current under conditions where it is an accurate indicator of the rate of 
the catalytic step. As Section 1.3.4.2 explains both heterogeneous electron transfer and 
mass-transport of substrate must be maximised, and hence the current should be 
measured at high electrode rotation rate (2500 rpm) and high electrochemical driving 
force (- 640 mV). The maximum current was measured for freshly prepared 
flavocytochrome c3 films at fumarate concentrations well in excess of the Km i.e. 200 PM. 
The maximum current data were fitted to a standard pK a curve which yielded an estimate 
of pKa value of 7.52 ± 0.33, Table 5.10. On the basis of the estimated maximum and 
minimum catalytic currents the electrode data was converted to percentage maximal 
catalytic current and normalised with respect to solution data (Turner el al., 1999). The 
data are compared in Table 5. 10 and Figure 5.15. 
Solution 
Data 
k/& 	900i 	 1 
pH 
Figure 5.15: The pH-dependence of fumarate reduction by flavocytochrome c3 : (U) in 
solution at 24 °C, and ( ) adsorbed at an electrode at 4 °C (Turner et al., 1999). 
Comparable values for the PK a  are estimated from the solution data, 7.32 ± 0.04, and 
the film data, 7.52 ± 0.31 
205 
The large error in the pKa determined from the enzyme film reflects the low 
number of data points. However, the agreement in the estimated pKa value and the 
overall trend shown in Figure 5.1 5 confirm that the pH-dependence of the fumarate 
reductase activity of flavocytochrome c3 is unaltered on immobilisation at the PGE 
electrode. 
5.3. Discussion 
The thermodynamic and catalytic properties of flavocytochrome c are not 
significantly perturbed on immobilisation at the PGE electrode surface. That is, the 
reduction potentials of the four haems (see Table 5.6), the Michaelis-Menten parameters 
for fumarate reductase activity (see Table 5. 10), and the pH-dependence of the fumarate 
reductase activity (see Figure 5. 15) are comparable for the soluble and immobilised 
enzyme. Therefore protein film voltammetry is a valid approach for the study of the 
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Figure 5.16: Formal reduction potentials of the redox centres in flavocytochrome c3 
(as presented here) and E. co/i fumarate reductase [several studies, summarised by 
Heering et al., 19971 at pH 7.0 and 25°C. Ato D are the four haems in 
flavocytochrOrne c3  ; E and F are the iron-sulfur clusters in E. coil fumarate reductase 
(centres 1 and 3 are E; centre 2 is F). 
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Under non-turnover conditions, heterogeneous electron transfer from the 
electrode to the haem groups is followed by intra-molecular electron transfer from haems 
to flavin. This is consistent with the surface-exposed haem edges, and the confined nature 
of the flavin, as noted in the crystal structure (Taylor et al., 1999). It has also been 
confirmed by fast scan voltammetry studies where the haems are reoxidised before the 
intra-molecular electron transfer to flavin can occur (Jones et al., 1999). In these 
conditions, i.e. when flimarate is absent, the reversible electrochemistry of the five redox 
centres is observed as a complex envelope that is dominated by the two-electron signal of 
the flavin. The data can be deconvoluted according to the 9-parameter or 11-parameter 
models, to yield the reduction potentials of the individual redox centres. In contrast to the 
redox potentiometry of the holoenzyme, the status of the flavin can be monitored, and the 
technique is economical with both sample and time. In this way the complete redox 
characterisation of the enzyme, including the pH-dependence of the thermodynamics of 
the electron-transfer pathway, could be achieved. The thermodynamics of the 
electron-transfer components in flavocytochrome c3 from S. frigidimarina and fumarate 
reductase from E. coil at pH 7.0 and 25 °C are summarised in Figure 5.16. 
Redox potentiometry and non-turnover protein film voltammetry on 
fiavocytochrome c3  have yielded comparable reduction potentials for the four haems 
(E'Hl = - 102 mV, E' H2 = - 146 mV, E' = - 196 mV, and E'H4 = -238 mV) at pH 7.0 and 
25 °C. Shifts in the potential of Ca. 30 mV were observed for the first and last electrons 
(OH, and E'H4, respectively) and may indicate increased difficulty in fitting one-electron 
peaks at the edge of the haem envelope. However, the magnitude of this potential shift is 
consistent with that seen for other proteins on adsorption at an electrode or association 
with biological components where it has been attributed to slight changes in the 
environment of a redox centre (Willit & Bowden, 1987). In either case, the data is not 
consistent with the cooperative functioning of these four haem centres. This is in conflict 
with the conclusions of a preliminary redox titration (Morris et al., 1994) but the 
previous conclusion is attributed to the poorer quality of data obtained in the original 
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titration, which was inadequate for thorough resolution. In addition, the haem reduction 
potentials presented here are more positive than those determined by Morris and co-
workers. Indeed these potentials are more appropriate for the electron-transfer mediating 
haem groups so that favourable intra-molecular electron transfer to the fiavin can occur. 
That is they are close to or a little lower than EFAD in the same way as the iron-sulfur 
clusters of E. coil flimarate reductase. 
The reduction potential of the flavin in flavocytochrome c3 has been determined 
for the first time (E' 12  -152 mV at pH 7.0 and 25 °C). The polypeptide environment 
raises the potential of the cofactor with respect to free flavin (E' 12  = -219 mV; Lowe and 
Clark, 1956), although it is still significantly more negative than in E. coil fi.imarate 
reductase (E' 12 = ~! -55 mV, reviewed in Heering et al., 1997). The reduction potential of 
the fumarate / succinate couple at pH 7.0 is +30 mV (Clark, 1960) and it has been 
proposed that non-covalently bound flavin, with its lower reduction potential, is unable to 
mediate efficient succinate oxidation (Blaut etal., 1989). After the conditions of pH have 
been optimised wild-type E. coli fumarate reductase, which contains covalently-bound 
FAD, will catalyse succinate oxidation at 30-40% of the rate at which it reduces fuimarate 
(Cecchini et al., 1986a). Blaut and co-workers prepared three mutants by site-directed 
mutagenesis and showed that the flavin was bound non-covalently. The impact of the 
change in the nature of fiavin binding was negligible on fumarate reductase activity, but 
the succinate oxidase activity was drastically reduced to 2 % of the wild-type capability. 
Flavocytochrome c3 that contains non-covalently bound flavin is essentially a 
unidirectional enzyme (Turner et al., 1999). The experimental data presented here shows 
that the fiavin reduction potential is significantly more negative than other iuimarate 
reductases, thus upholding the hypothesis for the role of covalent binding in modulating 
FAD redox activity. 
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The flavin is reduced by the tetra-haem moiety for which four macroscopic 
reduction potentials have been measured. The potentials cannot be assigned to individual 
haems and, clearly, the redox centres are inequivalent both with respect to their redox 
properties and structural location. That is the indirect reduction of flavin by the 
physiological electron donor, actually encompasses several inter-haem electron transfer 
steps as well as the haem-to-flavin step. in the crystal structure of fiavocytochrome c3 "a 
40 A long 'molecular wire' allowing rapid conduction of electrons to the active-site 
fiaivn" has been noted (Taylor et al., 1999). This is illustrated in Figure 5.17. A similar 
chain of redox cofactors has been identified in the crystal structure of E. co/i fumarate 
reductase (Iverson el al., 1999). 
Figure 5.17: The molecular wire of redox cofactors in flavocytochrome c3 . Electrons 
pass from the surface-exposed haem edges to FAD via a series of short 
electron-transfer steps. (Taylor et al., 1999). 
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The rapid conduction of electrons from the enzyme surface to the buried flavin is 
achieved by a series of electron transfer steps over reasonably small distances. That is, for 
flavocytochrome c3 an electron can reach the flavin from the furthermost haem by a series 
of four steps (6.2 A, 3.9A, 8.OA, and 7.4A; edge-to-edge distance of the haem groups). 
Inspection of the crystal structure of flavocytochrome c3 reveals that electrons could 
bypass the furthermost haem, as the other haems also have surface-exposed edges. It is 
possible that this redox centre is normally bypassed, and only involved under certain 
conditions to increase the electron flow to the flavin. By analogy to the proposed booster 
pathway for E. coil fumarate reductase (Heering et al., 1997), this could involve high 
substrate concentrations and high pH conditions. In the latter case, the flavin is a much 
poorer electron acceptor from the haems, only E'H4 is more negative than E' 12, and the 
involvement of the outer haem may become crucial. 
Next this effect of the pH on the underlying energetics is considered in more 
detail. Above pH 6.3, the reduction potentials of both the FAD and fumarate have the 
same pH-dependence, i.e. that of a 2H, 2e transfer. The fact that the rate of catalysis of 
fumarate reduction decreases significantly as the pH is raised therefore suggests that 
transfer of reducing equivalents from FAD to substrate is not rate determining. By 
contrast, and as is evident from Figure 5.9, increasing the pH causes the FAD to become 
an increasingly poorer electron acceptor (but better electron donor) relative to the haem 
groups. The change in energetics is fully consistent with the catalytic trends in either 
direction; i.e. succinate oxidation rates increase, whereas fumarate reduction is reduced, 
and strongly implicates intra-molecular electron transfer as a decisive factor in the 
mechanism. This can be kinetic i.e. transfer of electrons between FAD and haems possibly 
being the rate-determining process, or thermodynamic, with redox equilibria being 
maintained throughout catalysis by fast intra-molecular electron transfer. 
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Three pK values are known for flavocytochrome c 3 . The pK0 of 6.5, measured by 
voltammetry, is associated with the ionisation of a residue close to the oxidised flavin. In 
addition, two kinetic pK values for fumarate reduction (7.43) and succinate oxidation 
(8.59) have been determined (Turner el a/., 1999). These measured values have been 
incorporated into a scheme for the various equilibria involved in fumarate reduction, see 
Figure 5.18. An explanation for these ionisations and their roles in the catalytic activity 
requires consideration of the structure of the active site. 
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Figure 5.18: Scheme showing the various equilibria involved in the reduction of 
fumarate by flavocytochrome c3. Shaded species show the FAD active site poised to 
reduce fumarate or oxidise succinate. Vertical steps indicate substrate/product binding 
and the two-electron flavin reduction. Protonation equilibria and the relevant 
equilibrium constants are shown horizontally. The measured values are in boxes and 
the constraints in italics. 
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Reduction of fumarate to succinate requires the donation of two electrons and 
two protons; this is achieved by hydride transfer (the equivalent of one proton and two 
electrons) from N5 of the flavin and a proton from a proton-donor. The opposite 
pH-dependencies of fi.imarate reduction and succinate oxidation, and the impact of 
histidine modification or mutation implicated a single histidme as the active-site base 
(i.e. proton donor) in E. coil fumarate reductase (Vik & Hatefi, 1981). Mutagenesis 
studies involving His 232 indicated that this histidine residue was responsible (SchrUder et 
al., 1991). In addition, this residue is both located close to the bound oxaloacetate in the 
crystal structurre (Iverson et al., 1999) and conserved throughout the sequences of 
several fumarate reductases (Pealing et al., 1992). The analagous residue in 
fiavocytochrome c3, His 365, is also located in the active-site (Taylor et al., 1999). The 
role of this histidine as the active-site base was also suggested by the abolition of the 
pH dependence of the fumarate reductase activity by the His 365 Ala mutation (Doherty, 
personal communication). Clearly, the presence of this histidine residue is critical to the 
fimarate reductase activity of the enzyme. However, in this study it has been shown that 
the thermodynamics of the electron transfer pathway (i.e. the flavm reduction potential, 
and the value of pK0 ,) are unaltered by the mutation of His 365 and/or Asp 195. That is, 
His 365 is not the active-site proton donor, and its impact on the kinetics of fi.imarate 
reduction operates at a different level. Closer inspection of the active-site structure of 
flavocytochrome c3 is required to ascertain both an alternative role for His 365, and an 
alternative proton donor, see Figure 5.19. The crystals of flavocytochrome c3 were 
prepared in the presence of excess ftimarate. Bound in the active site there is a modified 
form of fumarate, which has been twisted and hydrated. This observation and the 
identification of the residues that are in hydrogen-bonding distance of the substrate 
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Figure 5.19: The active-site structure of flavocytochrome c3 showing the bound 
modified fumarate, an intermediate on the fumarate to malate pathway (Taylor et al., 
1999). The Ci-carboxylate is twisted out of the plane, and hydrogen-bonded by 
His 365. The C4-carboxylate group is contained in an exceptionally polar hydrogen 
bonding environment (His 504, Arg 402 and Arg 544) that generates considerable 
positive charge at C2 and makes it amenable to hydride attack from N5 of the flavin, 
only 3.2 A away. The amino-group of Arg 402 is located at a distance of only 2.99 A 
from C3 of the substrate and is therefore perfectly positioned to act as a proton donor 
to fumarate. 
It now seems likely that His 365 provides a favourable hydrogen-bonding 
interaction with the C I carboxylate group, part of the strategy for inducing a twist in the 
substrate molecule and weakening the conjugated double bonds. Arg 402 is a component 
of the polar hydrogen-bonding environment of the C4-carboxylate that polarises fumarate 
and leaves C2 amenable to nucleophilic atack by hydride from N5 of the flavin. However, 
the amino group of Arg 402 is also perfectly located for efficient proton transfer to C3, 
only 2.99A away and is now considered as the active-site base of fiavocytochrome c3 . Its 
critical role in catalysis has been confirmed by the preparation of a catalytically inactive 
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mutant, Arg 402 Ala (Doherty, personal communication). The residue is one of the 36 
residues that are conserved in all members of this enzyme family (Pealing et al., 1992). 
Additional information on the role of His 365 in fumarate reduction is being 
obtained by fast-scan voltammetric studies of His 365 Ala flavocytochrome c3 films 
(Jones et al., 1999). Jones and co-workers have demonstrated that the His 365 Ala 
mutation alters the rate-determining step in fumarate reduction such that the reversible 
electrochemistry of the flimarate-bound enzyme can be detected. That is, the mutation 
drastically reduces the rate of flavin-to-fumarate electron transfer so that this step 
becomes rate determining. Although the thermodynamics of the electron-transfer pathway 
are unaltered by the mutation, the switch in rate-determining steps is consistent with the 
observed abolition of the pH-dependence of the flimarate reductase activity. In the wild-
type enzyme, the thermodynamic drive for the rate-determining step, haem-to-flavin 
electron transfer, is pH-dependent. However, in the H365A mutant, the thermodynamic 
drive for the rate-determining step, flavin-to-FAD electron transfer, is pH-independent 
since the FAD and fumarate potentials both show the same pH-dependence. How then 
does the His365Ala mutation slow down the rate of FAD reoxidation? 
Efficient reduction of fumarate requires that hydride and proton transfered are 
tightly coupled. In the wild-type enzyme this is achieved by the dependence of the flavin 
potential on the protonation status of the active-site base (and vice versa). In this way, as 
soon as flavin is reoxidised by hydride transfer to C2 the proton affinity of Arg 402 is 
drastically reduced i.e. the pKox of 6.3 shifts to the pKra value greater than 9 such that 
proton transfer to C3 tightly follows. The rate of proton transfer is also maximised by the 
optimum positioning of the amino group of the arginine with respect to C3 of the 
substrate. Under conditions where the hydride and proton transfer are tightly coupled, the 
rate of fumarate reduction reflects the prior step of electron transfer from haems to flavin. 
Hydride and proton transfer can become uncoupled if the active-site base is removed, or 
if the active site is distorted so that the active-site base is no longer correctly positioned 
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for rapid proton transfer. As established in this study the active-site base has not been 
removed by the His 365 Ala mutation, although this scenario would also give rise to the 
observed pH independence of the flimarate reductase activity (Turner et al., 1999). Since 
the flavin reduction potential is still dependent on the protonation status of the active-site 
base in the H365A mutant, it is proposed that the His 365 Ala mutation affects the active-
site structure. In this way, electron transfer from flavin to ftimarate is now limited by 
proton delivery from Arg 402. This is consistent with the slower rates of 
flavin-to-flimarate electron transfer observed by fast-scan voltammetry of the H365A 
mutant in the presence of flimarate (Jones et al., 1999) and the abolition of the 
pH dependence of fumarate reductase activity. 
In conclusion, hydride transfer from reduced flavin to flimarate is tightly coupled 
to proton transfer from Arg 402 in wild-type flavocytochrome c3 . This is achieved by the 
interdependence of the flavin reduction potential and the protonation status of the 
active-site base. The tight coupling ensures rapid transfer of the hydride and proton, so 
that this step does not limit the rate of flimarate reduction. The role of His 365 is not as 
the active-site base, but rather to provide a favourable hydrogen-bonding interaction with 
the Ci-carboxylate such that the flimarate is held in the optimum position for rapid 
reduction. Under these conditions the transport of electrons to the flavin is rate limiting. 
However, the His 365 Ala mutation distorts the active site so that hydride transfer 
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This thesis reports investigations into the electron-transfer pathways of three 
multi-centred redox enzymes. It is interesting to note that despite the advantages of 
protein film voltammetry, outlined in Section 1.3.1, this technique was not universally 
applicable due to the instability of cytochrome cd, and flavocytochrome P-450 BM3 at an 
electrode surface. However, the power of the redox potentiometry technique, when clear 
spectral signals can be monitored, was demonstrated for these enzymes. Indeed, the 
application of this "equilibrium technique" to cytochrome cd, revealed the importance of 
kinetic processes in achieving redox equilibrium. 
The electron-transfer pathways in these redox enzymes exemplify the three types 
of electron transfer described by Moser and coworkers'. For example in flavocytochrome 
P-450 BM3: i) electron pair exchange (hydride transfer between NADPH and FAD), 
ii) transduction (the conversion of an electron pair into two single electrons at the FN", 
and iii) non-adiabatic electron transfer between the three redox centres. It is these last 
intra-molecular electron-transfer processes that have been the primary target of 
investigation in this work. 
As described in Section 1.2.1, the rate of intra-molecular electron transfer in 
biological systems is affected by four factors: driving force, reorganisation energy, 
distance and the nature of the intervening medium between the two redox centres. These 
factors may form the basis of redox mechanisms that control the catalytic cycle of an 
enzyme e.g. cytochrome c oxidase. The investigations reported here, and summarised in 
Table 6. 1, provide examples of the thermodynamic and kinetic control of 
electron-transfer pathways in oxidoreductases. 
1  Moser, C. G., Page, C. P., Fand, R. and Dutton, P.L. (1995) 
Journal of Bioenergetics and Biomembranes, 27, 263-274 
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Table 6.1: Comparison of the intra-moelcular control mechanisms in flavocytochrome 
P-450 BM3 (BM3), cytochrome cd1 (Cdi ), and flavocytochrome c3 (fcc3). The origin of the control 
of the electron-transfer rate is indicated: either driving force or gating by the kinetics of another 
process. For the last two enzymes the impact of temperature and a single amino acid 
substitution, respectively, alters the rate-limiting process. 
Rate-limiting 
Enzyme 	electron-transfer 	Driving force 	Kinetic process 
step 
BM3 FMN -+ haem Dependence of AG on 
substrate-binding 
20 °C c-haem -* d1-haem Kinetics of 
conformational 
cliuiige 
40 	' - haem •- d 1 -haem Dependence of AG 011 
axial ligation of each 
haeni 
WT haem - FAD Dependence of AG on 
protonation-status of 
active-site base 
Kinetics of proton 
11.)U.)tt 	.['t%.I 	? IuI1Ia.LaI- 	 - 
transfer from 
active-site base 
The individual systems have been discussed in detail but it is worth making some 
general observations here regarding the combination of thermodynamic and kinetic 
factors in the redox control of enzyme catalysis 
PJAPI 
The driving force of a particular intra-molecular electron transfer can be altered 
by perturbation of the reduction potential of electron donor and/or electron acceptor by 
changing the protein environment surrounding the redox centre. In flavocytochrome 
P-450 BM3 substrate binding causes dehydration of the active site and perturbation of the 
ligand field and potential of the haem. The rate of substrate hydroxylation reflects the 
driving force of the FIvIN-to-Haem step. 
In wild-type flavocytochrome C3 the electron-transfer pathway of fumarate 
reduction is also dependent on the driving force of a particular electron-transfer step 
i.e. haem-to-FAD electron transfer. However, this is only true when proton transfer from 
Arg 402 to fumarate is rapid. Proton transfer can be drastically slower, when the optimal 
arrangement of active-site residues is disrupted. This kinetic control impairs the normal 
catalytic functioning of the enzyme. By contrast, in cytochrome cdi  the conformational 
gating of electron transfer is an integral part of the catalytic cycle. That is, at room 
temperature, the slow kinetics of the conformational change that is associated with 
inter-haem electron transfer are rate limiting. However, the electron-transfer step can 
come under thermodynamic control by increasing the temperature sufficiently to remove 
the conformational gating. 
The study of these three electron-transfer pathways has clearly shown that both 
thermodynamic and kinetic factors are critical to the functioning of an enzyme. That is, 
the thermodynamic control of a catalytic cycle is only evident when no kinetic process is 
rate limiting. The introduction of kinetic control of intra-molecular electron transfer by an 
amino acid substitution identifies a critical role for the residue in maximising the rate of 
kinetic processes that are coupled to electron transfer. The kinetic control of 
intra-molecular electron transfer of a wild-type enzyme may reflect a catalytic advantage 




7.1 Derivation of Equation 1.1 
Equation 1.1 applies to the two-electron reduction of a flavm that is sensitive to the 
status of two protonation sites. The protonation equilibria for each site is dependent 
on the oxidation state of the flavin. 
ox '- 	OXIIIII 	oxH2 21 
2j 	2j 
K 2 
red 2- 	redH- 	redll2 
The protonation equilibria are represented by four equilibrium constants, K01, K02, 
Kd1 and K 2, as stated below. 
[ox] [H] 	
and 	








= 	 and 	 Krd2 - Kredl 
[redH] - [redH2  I 
There are three different protonation states of the reduced enzyme. These can each be 









Therefore the total concentration of reduced enzyme, Z vd, can be written as 
[red2 ] + [redH] + [redH2 [redH2]
] - [H 12 
([H+2  + ;Krgd2 [H ] + KredlKred2) 
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A similar expression can be derived for the total concentration of the the oxidised 
enzyme, E0,(, in terms of of [oxH2 2 ] and the equilibrium constants, K1 and K. 
[oxH 1([H ]2  + K 2 [Hf ] + KOX ]K OX2) [ox]+[oxH]+[oxH2 ]= 
2 	[H]2 
Now the two-electron reduction of the fiavin can be considered. The Nernst equation 
(equation 1.7) describes the relationship between the extent of reduction of a redox 
couple, and the applied reduction potential versus SHE, E. The formal reduction 
potential where the value of the pH is x, Ex12,  is the potential at which the total 
oxidised species equals the total reduced species of the redox couple. The numerical 
value of lnlO(RT/F), i.e. 0. 06, is included in the equation. 
	
0.06 	[red] 
E=E ----log 12  n [ox] 
As discussed above, the flavin can exist in three reduced forms, and three oxidised 
forms, the concentrations of which can all be expressed in terms of [redH 2] and 
[oxH?] 
E = E - 22log 
([red2 I + [redH ] + [redH2 ]) 
([ox] + [oxH] + [oxH2 2+]) 
0.06 	[redH2 ][H 2  0.06 ([H 
2 
+ Kred2 [H] + Kred2 Kredl 
E=E ----log ---log1 12 	n [oxH2 2 ][H 2 	fl 	.... [H 
]2 
 + KOX2 [H ] + K02 K01 
0.06 	[redH2 ] 0.06 ([H 
]2 
+ Kred2[H] + Kred2Kredlj 
E=E+—log ~ -i----  log I 
n [oxH2  ] 	n 	... [H]2 + K 2 [H]+ K02K01 
This equation can be simplified. Under acidic conditions, when both protonation sites 
are protonated in the oxidised and reduced states the reduction potential has a 
constant value, represented by E° 12 . 
0.06 	[redH2 ] 
E12 =E+  
n [oxH] 
The simplified expression relates the reduction potential under non-standard 
conditions, Ex12,  to the proton concentration. 
0.06 ([H ]2 + Kred2[H] + Kred2 Kredlj 
E =E1 2 +— n 
 log 
 [H+ ]2  +K02[H]+K02K01 
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7,2 The shape of a non-t 
(Taken from Heering et al., 1997 
For a difflisionless, reversible (Nernstian) reaction involving concerted transfer of n 
electrons 
Ox+ne 	Red 
with formal reduction potential E', the current can be derived  as 
Fioiai i_n5FAed 	and 	FRed = 
1+exp{n F(E_E')IRT} app 
yielding 
= fl s 1 app F2 1' 	exp{n app F(E—E')/RT} 
RT 	(i + CXP{fl app F(E - E')/ RT}) 
where o is the scan rate, F is the surface concentration, A is the electrode area, and E 
is the applied potential. The other symbols have their usual meaning. This describes a 




For ideal systems n. is equal to n. Thus, because the peak current is effectively 
proportional to n2, two-electron reactions are four times more detectable than 
one-electron reactions. However, npp can differ from n due to non-idealities (e.g., 
coupled reactions, electron-transfer kinetics, preferential adsorption of one of the 
redox states, lateral interactions or dispersion of the redox properties). 
Consider the degree of cooperativity for a two-electron process. A one-electron 
state, S, is included 
Ox + e 	S 	with formal reduction potential E' 1 
S + e 	Red 	with formal reduction potential E' 2 
1 Heering, H. A., Weiner, J. H. and Armstrong, F. A. (1997) 
JACS, 119,11628-11638 
2 Bard, A. J., Faulkner, L. R. (1980) 
Electrochemical Methods, Fundamentals and Applications; Wiley, New York 
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Plichon and Laviron3 derived the general formula describing the shape of 
voltammetric response for the diffusionless, Nernstian system: 
1(E) 	f+4/+1IJk 
V(E)VFAF2/RT (,4+,[K+11j)2 
with a conproportionation constant 
K = exP{- (Ei' - E)} 
and a potential function 
= exp r2F 
RT 
 (E—E I'2 ) 
where E' 12 (E' 1 + E'2)/2 is the two-electron reduction potential. This shows that the 
separate one-electron potentials and thus the degree of cooperativity of the two 
reduction steps can be derived from the shape and the position of the peak. The peak 
shape can be summarised conveniently by a single parameter, the peak width at half 
height, 5, which can be easily derived from experimentally measured voltammograms. 
To obtain the relation between the peak width and the difference between the 
one-electron potentials, the equation 
1(E) = !P/2=1I(2+ Tk) 
with {JP = 'P at E = E', must be solved. After rearrangement, 
can be obtained, for which the real roots 
A±/A2_1 	with 	A{K+K 2 _4K+16Ik+32}/4 
are found. From these solutions, the potentials can be derived at which the current 
equals half the maximum current. The difference between these two potentials, 
located on the positive and the negative flanks of the peak, is the desired peak width 
at half height, ,: 
Plichon, V. & Laviron, E. (1976) 
J. Electroanal. Chem., 71, 143-156 
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RT IA + J 2 _11 2RT 
F 1A--11 F 
1n1A+A2_1} In 	
VA2 
From this, a working curve can be plotted, Figure 7. 1, to obtain the 
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Figure 7.1: Working curverelating the peak width at half height for a two-electron 
redox reaction and the difference between the two single-electron potentials. The inset 
is the generalised curve of the square root of the conproportionation constant versus 
the normalised peak width. Taken from (Heering etal., 1997). 
The stability of the semireduced state, S, is given by the maximum relative 
concentration, occuring at E = E': 
F5 __ 
FOX +Fs +Fred = 2+I 
and the apparent n value for the two-electron redox reaction can be obtained (using 
K = 0 at n =2, see below) from the peak width: 
- 4RT1n(1 + 
app 
- 	 op 
When K> 16 two separate peaks are observed, implying that the observation of a 
single peak that is broader than 5. 6ORT/F indicates that either the electron transfer is 
not purely Nernstian or that the broadening of the peak has occurred due to 
dispersion of the redox properties. For an uncomplicated Nernstian reaction involving 






4 In (1 + 42)RT/F 3.53RT/F, which means that the peak shape is exactly that of 
a one-electron reduction, but with twice the height. This implies that the cases of two 
independent one-electron processes with equal potentials and of a single two-electron 
process with E' 1 - E'2 = RT/2F in (4) (i.e. 18 mV at 25 °C) are indistinguishable. 
When n> 1 is found, the observed response must be assigned to a two-electron 
process with some degree of cooperativity. When the reduction potentials of the two 
steps are equal, K = 1 and naw = 1.38. When K = 0, the potentials are infinitely 
"crossed", i.e. filly cooperative, with 5 = 2 in (1 + 42)RT1F 3.53RT12F. Assuming 
that the deviation must be at least 5% (n < 1.9, K = 0.02) to be detectable, nan = 2 is 
found when the one-electron potentials are at least 100 mV "crossed" (at 25 °C). 
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7.3 Derivation of the Michaelis-Menten Equation 
Enzyme catalysis is split into two stages. The first is the formation of the 
enzyme-substrate complex (ES) which is held together by physical forces and is in 
equilibrium with free enzyme (E) and substrate (E). The second stage involves the 
chemical changes to produce the product (P). This step occurs with the first order 
rate constant, k. The rate of dissociation of ES is a function of the rate of its 
breakdown, k2, and the catalytic step to give product, keat. 
E+S 'ES 	E+P 
rate of formation of ES = k 1 [E][S] 
rate of dissociation of ES = (k 2+keat)[ES] 
V = catalytic rate = k [ES] 
k = turnover number i.e. the number of substrate molecules converted into 
product by an enzyme molecule in a unit time under saturating substrate 
concentrations 
Assumption One 
Under steady state conditions the intermediate concentrations remain unchanged as 
long as the rates of formation and breakdown remain equal. Therefore, 
k 1 [E][S]=(k2 + kAESI 	and 	
[ES] = k1[E]IS} 
(k2+ k3) 
Using the definition of the Michaelis-Menten constant, Km, [ES] can be expressed in 
terms of the concentrations of the free enzyme and substrate, and Km. 
[E][S] 
[ES]=
k 2 + k3 K,,, = 	 and 
k 1 	 Km  
The concentration of substrate-free enzyme, [E], can be expressed in terms of the 
total enzyme concentration, [E o], and the concentration of the enzyme-substrate 
complex, [ES]. 
[E0 ] = [ E] + [ES] 	 and 
	
[E] = [E0 ] — [ ES] 
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Assumption Two 
The concentration of substrate far exceeds that of substrate-free enzyme. Therefore 
the rate of the reaction is unaffected by the depletion of substrate throughout the 
course of the reaction i.e. [S] = [S 0]. 
[ES]= 
([E0 ] - [ES])[S] 
Km  
This equation is solved for [ES] to give 
[ES] = [E0] 
[S] 
[S]+Km 
The catalytic rate is dependent on [ES], from which the Michaelis-Menten equation is 
obtained, 
I[S] 
V = k[ES] 	 and therefore 	




Four conditions will now be considered. These depend on the substrate concentration, 
with respect to the value of Km for the particular enzyme. 
Condition I 
The maximal rate, Vm, is achieved when the enzyme sites are saturated with 
substrate. That is [S]>>K., and so 
[5] 	[5] 
[S]+Km and 	 V. ' cat [E'ø] 
Condition 2 
When the substrate concentration is very low with respect to the value of Km, then the 
rate is directly proportional to [S] 
[s] 
[s] + K, 	K,,1 	 and 




When the substrate concentration equals the value Of Km. then 
[s] 	[s]  
and 	 VIZZ 
[s] + K m 2[S] 2 	 - 	2 	2 
That is, the Michaelis-Menten constant can be defined as the substrate concentration 
at which half the enzyme active sites are full. 
Condition 4 
When dissociation of the enzyme-substrate complex is more rapid than its conversion 
of substrate to product, k 2>>kcat, Km is equal to the dissociation constant, Kd, and is a 
measure of the strength of the ES complex, 
[E][S] k2 
K(j - [ES] - 
k 2 +k cat 	1(2 
and 	 Km = k 1 k 1 
A high Km indicates weak binding i.e. k 1 << k2  with the ES complex tending to 
dissociation. A low Km  indicates strong binding i.e. k 1 >> k2 with the ES complex 
forming a tight complex. 
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ABSTRACT: The thermodynamic and catalytic properties of flavocytochrome ci from Shewanella frigidi-
marina have been studied using a combination of protein film voltammetry and solution methods. As 
measured by solution kinetics, maximum catalytic efficiencies for fumaratc reduction (k cailKm = 2.1 X 
10 M' s 1 at pH 7.2) and succinate oxidation (k,,,,/K m = 933 M' s at pH 8.5) confirm that 
flavocytochrome C3 is a unidirectional fumarate reductase. Very similar catalytic properties are observed 
for the enzyme adsorbed to monolayer coverage at a pyrolytic graphite "edge" electrode, thus confirming 
the validity of the electrochemical method for providing complementary information. In the absence of 
lumarate, the adsorbed enzyme displays a complex envelope of reversible redox signals which can he 
deconvoluted to yield the contributions from each active site. Importantly, the envelope is dominated by 
the two-electron signal due to FAD [E°' = —152 mV vs the standard hydrogen electrode (SHE) at p!-1 7.0 
and 24 °C] which enables quantitative examination of this center, the visible spectrum of which is otherwise 
masked by the intense absorption bands due to the hemes. The FAD behaves as a cooperative two-
electron center with a pH-dependent reduction potential that is modulated (pK0 ,1 at 6.5) by ionization of 
a nearby residue. In conjunction with the kinetic pKa values determined for the forward and reverse reactions 
(7.4 and 8.6, respectively), a mechanism for fumarate reduction, incorporating His365 and an anionic 
form of reduced FAD, is proposed. The reduction potentials of the four heme groups, estimated by analysis 
of the underlying envelope, are —102, —146, —196, and —238 mV versus the SHE at pH 7.0 and -24 °C 
and are comparable to those determined by redox potentiometry. 
Flavocytochrome c3 is a unique fumaratc reductase (M r 
63.8 kDa) isolated from the marine bacterium She wanella 
frigidimarina NC[v1B400 (1) formerly known as Shewanella 
putrefaciens. The bacterium itself is unusual in that it is 
capable of respiration with a wide variety of terminal electron 
acceptors, including nitrate, nitrite, TMAO, Fe(III), Mn(LII). 
Mn([V), and fumarate. It is this capability that has implicated 
the organism in the corrosion of deep sea piping and the 
spoilage of food (2-4). Production of flavocytochrome ci 
is induced, under anaerobic growth conditions, by the 
addition of fumarate (5. 6). 
The FAD-containing active site regions of several fumaratc 
rcductases, including those from Escherichia coli (7) and 
Wolinella succino genes (8), are conserved in flavocyto-
chrome c 3 . However. flavocytochrome c3 differs from these 
enzymes in that it is periplasmic and soluble, and there are 
major structural differences. Fumarate reductase (FRD) from 
E. coil is a membrane-bound enzyme which consists of four 
'K.L.T. and M.K.D. acknowledge studentships from the BBSRC. 
H.A.H. and F.A.A. were supported by a grant from the Wellcome Trust 
(042109). This work was supported by the BBSRC. Zeneca Life Science 
Molecules, and the Leverhulme Trust. 
* To whom correspondence should be addressed. Fax: 00-44-131-
650-4760. E-mail: skc0l@holyrood.ed.ac.uk.  
Department of Chemistry, University of Edinburgh. 
'Oxford University. 
"Institute of Cell and Molecular Biology, University of Edinburgh. 
subunits. Subunit A contains a covalently bound FAD, while 
subunit B contains three iron—sulfur clusters: together, thc'c 
comprise a membrane extrinsic domain (FrdAB). Two further 
subunits, C and D, act as membrane anchors (9). FrdAB can 
be prepared as a soluble subcomplex capable of catalyzing 
fumarate reduction by small electron donors. The fumaratc 
reductase from W. succinogenes is bound to the membrane 
by a single subunit that contains two b-type heme groups 
(8). In contrast, flavocytochrome c3 is a single-subunit protein 
composed of two domains. The active site of the enzyme is 
located in the flavin domain (454 amino acid residues) which 
contains noncovalently bound FAD (5). The cytochromne 
domain (117 amino acid residues), located at the N-terminus 
of the protein, encapsulates four c-type hemes, each of which 
has bis-His axial ligation. It has been proposed that this 
domain is structurally similar to the family of cytochromc 
C3 proteins such as that from Desuifovibrio desulfuricans 
(/0). 
Previous redox characterization of flavocytochrome c 
employed UV—visible-monitored potentiometry, and results 
indicated that the heme groups might function as two pairs 
(//). However, the determination of the redox properties of 
the flavin by this method was not feasible since its absorption 
spectrum is obscured by intense transitions from the four 
hemes. In view of the central importance of the FAD in 
catalysis, we have undertaken a study of the enzyme by 
10.1021/bi9826308 CCC: $18.00 © 1999 American Chemical Society 
Published on Web 02123/1999 
Redox Properties of Flavocytochromc c • 
	 Btochemistrc. Vol. 38. No. II. 1999 33tL 
protein film voltammetry (PFV). This technique involves the 
voltammetric investigation of proteins that are immobilized 
in a highly electroactive state on an electrode surface, such 
that their native catalytic properties are retained (12. 13). 
With such a configuration, both thermodynamic and kinetic 
properties of redox centers can be studied simultaneously, 
and information is obtained in both potential and time 
domains. PFV has been important in studying other multi-
centered redox enzymes that catalyze fumarate reduction. 
e.g., the soluble component of E. coli fumarate reductase 
and succinate dehydrogenase from bovine heart mitochondria 
(14-19). 
In this paper, we show that PFV enables for the first time 
the observation of all five redox centers in flavocytochrome 
C3, over a wide range of pH values. The FAD is uniquely 
distinguished by this technique, while the reduction potentials 
of the four heme groups (which are resolved from a broad 
envelope) agree well with the results from independent 
potentiometrie tii.rations. The electrochemical data comple-
ment kinetic studies and account for the catalytic bias toward 
fumarate reduction (vs succinate oxidation) and the pH 
dependence of activities. 
MATERIALS AND METHODS 
Protein Purification. Flavocytochrome ('3 from S. frigidi-
marina NCIMB400 was purified as described previously by 
Pealing et al. (10). Samples for PFV were subjected to an 
additional purification step using FPLC (fast protein liquid 
chromatography: Pharmacia) with a Mono Q column [equili-
bration buffer (pH 7.8) is 10 mM HEPES [N-(2-hydroxy-
cthyl)piperazine-N'-2-ethafleSulfOflic acid], high-salt buffer 
is 1 M NaCl in equilibration buffer]. The pHs of buffers 
were adjusted at 20 °C by addition of NaOH. Protein 
concentrations were determined using the Soret band extmc-
tion coefficient of the reduced enzyme (752.8 mM' cm 
at 419 nm) (10). 
Protein Film Voltam,netrv. Electrochemical studies were 
performed with a mixed buffer system of 50 mM TAPS 
3- [ [tris(hydroxymethyl)methyl ]amino ]propafleSUlfonic acid], 
HEPES. MES (4-morpholineethanesulfoflic acid), PIPES 
(1 ,4-piperazinediethanesulfonic acid), and an additional sup-
porting electrolyte of 0.1 M NaCl. All buffers were titrated 
to the required pH with NaOH or HCI at 25 °C. Polymyxin 
B sulfate (Sigma), which stabilizes the adsorbed enzyme by 
coadsorption, was prepared as a 30 mg/mL stock solution 
with its pH adjusted to 7.0. The pH values of final solutions 
were checked at the experimental temperatures. 
The thermostated electrochemical cell (15) was housed in 
a Faraday cage contained within an anaerobic glovebox 
(vacuum atmospheres) supplied with a nitrogen atmosphere 
and maintaining the 02 level of <2 ppm. The three-electrode 
system consisted of a pyrolytic graphite "edge" (PGE) 
rotating disk working electrode (geometrical area of 0.03 
cm') used in conjunction with an EG&G M636 electrode 
rotator and control unit, a platinum gauze counter electrode, 
and, as a reference, a saturated calomel electrode (SCE) held 
in a Luggin sidearm containing 0.1 M NaCl. Voltammetry 
was performed with an Autolab electrochemical analyzer 
(Eco Chemie, Utrecht, The Netherlands) controlled by GPES 
software and equipped with an analogue Scan Generator and 
an Electrochemical Detection (increased sensitivity) module. 
All potentials given are with reference to the standard 
hydrogen electrode (SHE): our values are based on an 
(SCE) of 241 mV at 25 CC (20). 
For each experiment, the working electrode was polished 
with an aqueous slurry of 1.0 uM alumina (Buehler mi-
cropolish) and sonicatcd thoroughly. Aliquots of enzyme and 
polymyxin were added to the electrolyte to give final 
concentrations of 0.4 jiM flavocytochrome c3 and 200 ug 
L polymyxin. Film formation was initiated at 4 °C. with 
the electrode rotating at 200 rpm and with a fixed potential 
of 240 mV for 30 s. The extent of formation was then 
monitored by cycling at 100 mV s over the range of 240 
to —640 mV until no further development of the signal was 
observed. This process typically took 7 mm, after which 
cyclic voltammograms were recorded at either 4 or 24 CC 
without moving the electrode to a different cell. Cyclic 
voltammograrns were obtained at 24 °C by rapid reequili-
bration of the same electrode/cell system through its recon-
nection to a second thermostat external to the glovebox. The 
higher temperature was used to obtain reduction potentials 
and higher activity catalytic data that could be compared 
directly with the potentiometric and steady-state solution 
measurements. The nonturnover voltammograms obtained 
in this way were corrected for background current using a 
cubic splines interpolation with fast Fourier transform 
smoothing (16). 
The fumarate reductase activity of the adsorbed flavocy-
tochrome c 3  was studied over a range of fumarate concentra-
tions at 24 °C and pH 7.0. A fresh film, for which the 
electroactive coverage was measured, was prepared for each 
fumarate concentration. The electroacuve enzyme concentra-
tion at the electrode surface (the "electroactive coverage") 
was determined by integration of the nontumover signals 
(see below). On addition of the required level of fumaratc 
(ICN Chemicals), the limiting current was recorded at —640 
mV for several rotation rates (2500-450 rpm) first in order 
of decreasing rotation rate and then repeated in increasing 
order. The average of the two values for each rotation rate 
was used. Following data acquisitions, fresh substrate-free 
electrolyte was introduced into the cell and the coverage was 
remeasured. The maximal fumarate reductase activity of the 
immobilized enzyme was measured at four pH values. Fresh 
enzyme films were prepared, and fumarate was added to give 
a concentration of 200 1iM (several-fold higher than the Km ). 
The maximum current (2500 rpm) at —640 mV was 
measured in each case. 
Potentiopnetric Titrations. Redox titraxions were conducted 
within a Belle Technology glovebox under a nitrogen 
atmosphere, with the 02 level maintained at less than 6 ppm. 
A 10 tM flavocytochrome C3 solution was made up in 0.1 
M phosphate buffer (10 mL, pH 7.0), and soluble mediators 
(10- 20 uM each) of anthraquinone-2-sulfonate, benzyl 
viologen, methyl viologen, FMN, phenazine methosulfate, 
and 2hydroxy2.4-naphthO(lUiflOfle were added. The solution 
was titrated electrochemically according to the method of 
Dutton (21) using sodium dithionite (BDH) as a reductant 
and potassium ferricyarnde (Analar) as an oxidant. After each 
reductive/oxidative addition, 10-15 min of equilibration time 
was allowed. Spectra were recorded on a Shimadzu 1201 
UV—vis spectrophotometer (between 800 and 450 nm) 
contained within the anaerobic environment. The electro-
chemical potential of the sample solutions was monitored 
3304 Biochemistry, Vol. 	 , No. /1, 1999 
	
Turner c: al 
using a CD740 meter (WPA) coupled to a Pt/calomel 
electrode (Russell pH Ltd.) at 25 ± 2 °C. The electrode was 
calibrated using the Fell'/Fell EDTA couple as a standard 
(108 mV vs the SHE), and all values are reported versus the 
standard hydrogen electrode. 
Kinetic Analysis. The steady-state kinetics of fumarate 
reduction over a range of pH values were determined using 
an adaptation of the technique described by Thorneley (22). 
All experiments were carried out with a Shimadzu UV-PC 
1201 spectrophotometer contained in a Belle Technology 
glovebox at 25 °C. The fumarate-dependent reoxidation of 
reduced methyl viologen was monitored at 600 nm. The 
assay buffer contained 0.45 M NaCl, 0.05 M HCI, and 0.2 
M methyl viologen (Aldrich) and was adjusted to the required 
PH using Trizma base (pH range of 7-9). The viologen was 
reduced by addition of sodium dithiortite until an absorbance 
reading of -'-I was obtained. Fumarate was added to give a 
range of concentrations (0-350 and the reaction was 
initiated by addition of the enzyme to a concentration of 0.5 
M. Assays at pH values below 7 or above 8.5 were prepared 
with standard buffer systems: MESINaOH (pH 5.4-6.8), 
CI-IESINaOH [2-(N-cyclohexylamino)- I -propanesulfonic acid. 
PH 8.6-10], and CAPSINaOH (3-cyclohexyl- I-propane-
sulfonic acid, pH 9.7-11.1). 
The ability of flavocytochrome c3 to act as a succinate 
dehydrogenase was determined over a range of pH values. 
All experiments were carried out with a Shimnadzu UV-PC 
1601 spectrophotometer under aerobic conditions, at 25 °C. 
Assay buffers were prepared like they were for fumarate 
reductase assays but using dichloroindophenol (Sigma) as 
the electron acceptor. This was prepared as a 4 mM stock 
with 0.27 mM phenazine methosulfate and then added to 
give a final concentration of 40 uM. Succinate (Aldrich) was 
added to give a range of concentrations (0 — 10 mM), and 
the reaction was monitored at 600 nm after addition of 
flavocytochrome c . The extent of variation of the maximal 
rate with pH was determined by carrying out the above assays 
at concentrations of substrate well in excess of saturating 
conditions (6 mM fumarate or 8 mM succinate). 
RESULTS 
Flavocytochrome c 3 Voltammograms. Films prepared on 
a PGE using highly purified flavocytochrome C3 with 
polymyxin B as a coadsorbate showed high electroactivity, 
fumarate reductase activity, and stability. Rotating the 
electrode in a dilute solution of enzyme at 4 °C causes the 
formation of characteristic nonturnover cyclic voltammetric 
signals, in the form of a broad envelope of oxidation and 
reduction peaks, which are insensitive to the electrode 
rotation rate and thus arise from a nondiffusing redox system. 
Films prepared without polymyxin showed lower-intensity 
signals which were less stable. The ability of the polymyxin 
promoter to improve the interaction of the enzyme with the 
electrode may exist because of the creation of ternary salt 
bridges between the two surfaces (12). On addition of 
fumarate, the envelope of signals transforms into a catalytic 
wave, which is peak-like at a stationary electrode, but 
becomes sigmoidal and grows in size as the electrode is 
rotated at increasing speeds (Figure 1). The fumarate 
reductase activity of the immobilized enzyme was determined 
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FIGURE 1: (A) Conversion of nonturnover cyclic voltammograms 
to catalytic sigmoidal waveforms on addition of fumarate. (B) 
Baseline-corrected nonturnover signals under the same conditions 
(20 mV 5H  pH 5, and 4 CC). 
catalytic current was measured at an electrode potential E 
of —624 mV for different rotation rates and fumarate 
concentrations, and the data were analyzed as described 
previously using Koutecky—Levich (rotation rate depen-
dence) and Michaelis—Menten (substrate concentration 
dependence of limiting currents obtained from Koutecky-
Levich) analyses (15, 16). After the values were normalized 
with respect to the electroactive surface concentration (see 
below), the following kinetic parameters resulted: kcat = 
1070 ± 160s, Km = 66 ± 24MM, and thus kcat/Krn = 1.62 
X  10 M 	s'. Degradation of the enzyme films, as 
measured by the appearance of a free flavin peak at ca. —210 
mV (pH 7) or by a decrease in the catalytic current, was 
minimal at pH 7.0, with the greatest instability being 
observed at the most extreme pH values used, pH 5 and 9. 
Thermodynamics of the Electron-Transfer Pathway at pH 
7 and 24 °C. The baseline-corrected nonturnover voltam- 
mograms represent the reversible electrochemistry of five 
redox centers. As shown in Figure 2, the most prominent 
feature is a sharp signal that shifts to more negative potentials 
at higher pH values, and which is assigned to the two-electron 
redox couple of the FAD. This signal dominates a broader 
envelope containing the overlapping contributions of the four 
one-electron heme centers. At low pH values, two additional 
features were often evident. One signal, consisting of an 
oxidation and reduction peak with a reduction potential ca. 
80 mV more negative than the signal due to enzyme-bound 
flavin, appeared as a result of flavin dissociation despite film 
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Table I: Comparison of the Formal Reduction Potentials (Millivolts 
vs the SUE) Determined from Reductive and Oxidative Titrauons of 
Flavocytochromc (' during Solution and the Noncatalytic Cyclic 
Voltammcu-y of the Enzyme Film at pH 71' 
oxidative 	reductive 
potential 	utranon 5 tit ra t ionb 	voltammeo-y' voltammctrv' 
E 	 ND 	ND 	—152 ± 2 	—125 2 
— 80±15 	—96±15 	— 102±20 —94±10 
E. 	—142±15 — 163±15 	—146±10 	— 140±15 
E li 	 — 195±15 —223±15 	—196±10 —170±15 
—274 ± 15 — 280 ± IS 	—238 ± 20 	—224 10 
El. AL) is the potential of the two-electron reduction of the FAD 
group, and E: — E4 are the potentials of the four successive one-electron 
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FIGURE 2: Baseline-corrected nonturnover oxidative scan at (A) 
PH 7,0 and (B) pH 8.8 (24 °C): smoothed data (0) and 
deconvoluted data for fit (U). flavin (—), and hemes I- - 
was a small "shoulder" which appeared only in the positive 
potential flank of the reductive scan. This represented a low 
but variable contribution as compared to the rest of the broad 
envelope, raising the interesting possibility that this is a 
catalytic current due to contamination from trace levels of 
substrate. Indeed, the enzyme activity is sufficiently high, 
particularly at this pH, that even nanomolar levels of fumarate 
should produce observable reduction currents in this region 
of potential (19). Consequently, under low-pH conditions, 
data from the two potential extremes of the envelope were 
excluded from the fitting procedure. 
Deconvolution of the nonturnover peaks was performed 
by a least-squares fit to the sum of the five voliammetric 
peaks with equal surface concentrations. The shape of each 
peak is described by eq 1 (23). 
- - capp"' 	exptnF(E - E)IRTI 
- 	RT [1 + exp[nF(E - E)/R7112 
where v is the scan rate (volts per second), F is the surface 
concentration (moles per square centimeter), A is the 
electrode area (square centimeter), E is the applied potential 
(volts), E is the potential at the peak maximum (volts), n 
is the stoichiometric number of electrons, and n,pp  is the 
apparent number of electrons as determined from the peak 
width at half-height. 6. where 
RT 
o = 3,53--- 	 (IA) 
fl appF 
The four heme signals were assumed to be ideal one-electron 
peaks (fla = n, = 1). The FAD was treated as a two-electron 
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FIGURE 3: Oxidative titration of flavocytochrome c3 with ferricya-
nide (pH 7 and 25 °C). The inset shows successive spectra 
monitoring the extent of heme oxidation. The main graph shows 
the plot of the extent of heme reduction, measured at Abs 554 , as a 
l'unction of the reduction potential (I). and the best fit of the data 
(•) to eq 2, yielding the following estimates: E: = — 80 mV vs 
the SHE. E = —142 mV vs the SHE. E 3 = — 195 mV vs the SHE. 
and E 1 = — 274 mV vs the SHE. 
peak (n 	2) where the parameter Of flapp was fitted to give 
an indication of the degree of cooperativity between the two 
one-electron reduction steps of the flavin (see the Discus-
sion). Two extra parameters for an additional linear baseline 
correction resulted in a nine-parameter fit. Deconvolution 
revealed that the total contribution from four independent 
heme centers is double that of the FAD, i.e., as expected if 
all these groups are electroactive. Attempts to decrease the 
contributions of the one-electron centers relative to that of 
the sharp FAD component gave less satisfactory fits. 
Electroacuve coverages (based upon six-electron capacity) 
were quite uniform over the pH range of 5-9 (approximately 
9 x 10 mol cm 2 ), and the average value of n for FAD 
was 1.60 ± 0.12, which again showed little variation with 
pH. The estimated reduction potentials at pH 7,0 and 24 °C 
are listed in Table 1. 
The reduction potentials of the four hemes of flavocyto-
chrome ci were also investigated by potentiometric titrations. 
Results are shown in Figure 3. The degree of heme reduction 
was monitored in both the reductive and oxidative directions 
using the change (LAbs) in the heme UV—vis absorbance 
at 554 nm, and was fully reversible. At this wavelength, there 
is negligible absorbance change due to the FAD. The 
absorbance change due to methyl viologen only contributed 
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FIGURE 4: pH dependence of the midpoint potentials of all five 
redox centers at 24 °C. determined by voltammetry of flavocyto-
chrome c1 films [hemes •. D, A, and V) and ulavin (•)}. The 
solid line represents the pH dependence of the fumarate/succinatc 
redox couple (30 mV. pH 7. and 25 °C) (24). 
of the enzyme was already complete. Absorbance data were 
the convoluted results for the complete reduction of the tetra-
heme moiety, which has five different net redox states. The 
experimental data were fitted to a model, described by eq 2, 
in which each one-electron reduction (i = 1-4) causes a 
quarter of the total absorbance change. 
IF(E, - E)1 
E - ox + C red  exP[ 	
RT I 
(2) 
IF(E - E)1 
l±cxpl 	I 
L RT I 
The absorption coefficients €4). and E,d  are for one oxidized 
and one reduced heme. respectively; E is the applied potential 
(millivolts), and Ej is the formal reduction potential with 
initial estimates taken from the PFV data. In Table I, the 
parameters derived for the reductive and oxidative titrations 
are compared with the cyclic vo!tammetry data. There was 
no evidence for any cooperalivity between the hcmc groups, 
and the data obtained from both techniques showed good 
fits with the proposed model of four independent hemes. 
pH Studies of the Thermodynamics of the Electron-
Transfer Pathway. Figure 4 shows the pH dependence of 
reduction potentials determined by deconvolution of non-
turnover cyclic voltarnmograrns at 24 °C. The reduction 
potential of the flavin signal shows a significant dependence 
on pH. Flavin reduction at low pH is accompanied by the 
transfer of one proton (limiting slope of 30 mV/pH unit), 
but at higher pH values, two protons are transferred (limiting 
slope of 60 mV/pH unit). The two-electron FAD potentials 
were fitted to a model for two-electron flavin reduction which 





EF=Eoln 	 I 	(3) 
 1- K0) 
where [HI] is 10 - P11 . K0 is the equilibrium constant for the 
(de)protonation of the site. and E0 is the hypothetical 
reduction potential at pH 0 (24). 
Turner ct al. 
Table 2: Summary of the Parameters Determined for Fumaratc 
Reduction by Flavocvtochrome c at a Range of pH Values" 
PH 	k 4 (s') 	K, uM) 	k i/K m (M 
6.0 	658 ± 34 	43 ± 10 	 1.5 x 10 
7.0 587±40 36±8 1.6* O 
7.2 	509 ± 15 	25 	2 	 2.1 x 10 
7.6 409 ± 13 29 3 1.4 x 10 
8.0 	345±20 	18±4 	 1.9* 0 
All data were collected in an anaerobic environment at 25 °C using 
the solution assay system described in Materials and Methods. 
5 	 8 	 7 	 8 	 9 
PH 
FIGURE 5: (A) Effect of pH on the catalytic parameters of fumaratc 
reduction by flavocytochrome c3 as determined by anaerobic 
solution studies carried out at 25 °C. kcat data are denoted with • 
and K..4 data denoted with U. (B) pH dependence of fumarate 
reduction by flavocytochrome c3 in solution (U) and adsorbed at 
an electrode (0). The estimated pK, for solution data is 7.32 ± 
0.04 (6 mM fumarate). 
Estimated values follow: pK 0,, (-log K0 ) = 6.52 0.14 
and E0 = 78.3 ± 3.1 mV at 24 °C (7.12 and 78.0, 
respectively, at 4 °C). The heme potentials do not show such 
clear trends as a function of pH: however, they can be 
grouped into two pairs with the lower potential pair showing 
a greater dependence on both pH and temperature. 
pH Dependence of the Catalytic Properties of F1avoc' 
tochrome c. Kinetic characterization of flavocytochrome c 
was carried out over a range of pH values, and the resulting 
Michaelis- Menten parameters are shown in Table 2. Figure 
5A shows how the catalytic parameters k and K m are 
affected by pH. The turnover number for fumarate reduction 
increases from 350 s at pH 8 to almost 600 s at pH 7. 
Further analysis of these data yielded a pK a value of 7.43 ± 
0.16. With 6 mM fumarate, the similarity of the pH 
dependence of to that of k 9 1 confirmed that this 
Redox Properties of Flavocytochrome c 
Table 3: Summary of Kinetic Parameters Determined for Succinate 
Oxidation by Flavocytochromc c3" 
PH k 	ts K (mM) k/Km (M' 
8.0 0.60--0.05 2.2 ± 0.4 272 
8.5 0.70--0.02 0.8 = 0.1 933 
8.75 0.40-0.01 0.6 = 0.1 727 
9.0 0.73 ± 0.01 1.1 	± 0.1 675 
9.5 1.36 ± 0.05 2.5 ± 0.2 544 
10.0 0.95 ± 0.02 2.6 ± 0.2 362 
All data were collected at 25 °C using the solution assay described 









F1G[RE 6: Determination of the pK, of succinate oxidation by 
flavocytochrome ci. Data were collected at 25 °C under aerobic 
conditions with 8 n.M succinate. Extrapolation of the fitted curve 
predicts a maximal activity of 1.1 s_i. 
concentration is essentially saturating. and gave a comparable 
pKa  value of 7.32 ± 0.10. As is evident from Figure 513. the 
pH dependence of the fumarate reductase activity of the 
enzyme is unaltered on immobilization at an electrode, based 
on the maximum mass-limiting current recorded (200 uM 
fumarate. 640 mV. 2000 rpm. 24 °C). 
It should be noted that there is a similar magnitude of 
variation for both k 41 and Km over the range of pHs studied. 
The Michaelis constant, Km , does show an overall increase 
with decreasing pH (a factor of 2 between pH 6 and 8 
values), but unlike the pH dependence of k cai , it cannot be 
fitted to a single protonation step. 
The reverse reaction, conversion of succinate to fumarate, 
was also studied, under steady-state conditions, using 
dichloroindophcnol as an oxidant. It was immediately 
obvious that catalysis in this direction was much slower than 
for fumarate reduction. Michaelis- Menten parameters were 
again determined over a range of pH values (8.5-10), and 
results are given in Table 3. Figure 6 shows the pH 
dependence of the succinate oxidation activity measured 
under saturating conditions (8 mM succinate) from which a 
PKa of 8.59 = 0.10 was determined. 
DISCUSSION 
All five redox centers in flavocytochrome C3 have been 
investigated by cyclic voltammetry of the enzyme adsorbed 
as an electroactive monolayer film on a PGE. The thermo-
dynamic and catalytic properties of the enzyme in solution 
and immobilized at the electrode have been compared. 
Significantly, the two techniques, with their striking contrasts 
with regard to the environment imposed on the enzyme, gave 
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essentially identical catalytic efficiencies for fumarate reduc-
tion (1.69 x 10 and 1.62 x 10 M s for solution and 
electrode surface, respectively). The heme reduction poten-
tials are spread over a range of >200 mV. but similar 
estimates of individual values were obtained by potentiom-
etry (solution) and voltammctrv (film) studies. Shifts in 
potential of Ca. 30 mV were observed for the first and last 
electrons (E 1 and E,1 , respectively) and may indicate the 
increased difficulty in fitting the one-electron peaks at the 
edge of the heme envelope. However, the magnitude of this 
potential shift is consistent with that seen for other proteins 
on adsorption at an electrode or association with biological 
components (25) where it has been attributed to slight 
changes in the environment of a redox center. The perturba-
tion of at least two of the redox centers by the electrode 
indicates that the orientation of the flavocytochromc Ct 
molecule is with the heme domain closest to the electrode 
surface. Indeed, the high electroactivity alone demands that 
at least one of the redox centers lies close to the electrode 
surface. The observation that the flavocytochrome C3 film 
exhibits the same thermodynamic and catalytic behavior as 
the free enzyme in solution confirms that application of film 
voltammetry to the study of this enzyme is valid. In this 
case, it is an excellent strategy since the flavin group becomes 
clearly observable despite the presence of four hemes. 
The baseline-corrected nonturnover cyclic voll.ainmograms 
of flavocytochrome C3 films were deconvoluted to reveal the 
signals due to reversible electrochemical response from five 
redox centers with equal surface concentrations. The typical 
value of electroactive coverage, 9 x 10_ 12  mol cm -2 based 
on the geometric electrode area, lies between the values of 
7 and 17 x 10-12  mol CM-2  expected for a packed monolayer 
on the basis of different orientations of the enzyme molecule 
with the following unit cell dimensions: a = 77.7 A. b = 
86.7 A. c = 211.2 A, and Vm = 2.8 AfDa (S. L. Pealing, 
personal communication). The result is significant, consider-
ing our crude assumption of a flat electrode surface. The 
experimental data are consistent with a model for four 
independent one-electron hemes and a two-electron fiavin. 
At pH 7.0, the FAD peak width is 56 mV, which for 24 °C 
is just 11 mV broader than the ideal value for a fully 
cooperative reaction (n,pp =  n = 2) (23). Since dispersion 
(inhomogeneity) would itself tend to broaden the peak, the 
result shows that the single electron reduction potential 
semiquinone/hydroquinonc reduction potential. Eh, must he 
at least 29 mV higher than that of the oxidizedlsemiquinone 
couple. E05 ; i.e., the semiquinone state is not stabilized, at 
least in the substrate-free form of the enzyme (16). 
The thermodynamics of the electron-transfer components 
(pH 7.0 and 25 °C) in flavocytochrome C3 from S. frigidi-
marina and fumarate reductase from E. coli are summarized 
in Figure 7. The reducing substrate for E. coli fumarate 
reductase is menaquinone (Em = -74 mV) (26, 27), whereas 
the electron donor to flavocytochrome C3 has not yet been 
established. In both cases, the electron-transfer mediating 
groups have reduction potentials which are appropriate for 
favorable intramolecular electron transfer to their respective 
flavins: i.e., they are close to or a little lower than EFAD. 
The reduction potential of the fumarate/succinate couple at 
pH 7.0 is 30 mV (24), and it has been proposed that 
noncovalenUy bound FAD, with its lower reduction potential. 
is unable to mediate efficient succinate oxidation. For the 
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Iurncr ci a). 
FicuRli 7: Formal reduction potentials of the redox centers in 
flavocytochrome c (as presented here) and E. coli fumarate 
reductase [several studies. summarized by Heering ci al. (16)j at 
pH 7.0 and 25 °C. A—D are the heme mediating groups in 
flavocytochrome c 3 ; E and F are the iron—sulfur clusters in E. coil 
fumarate reductase (centers 1 and 3 are E center 2 is F). 
fumarate reductase from E. coli, reported values of the 
reduction potential for the covalently bound FAD are —30 
to —55 mV at pH 7.0 (15. 16. 28) [compared to —219 mV 
for free FAD (29)]. After the conditions of pH have been 
optimized, this enzyme will catalyze succinate oxidation at 
30-40% of the rate at which it reduces fumarate (30). 
However, replacements of the FAD-binding histidine by 
serine, arginine, cysteine, or tyrosine produced mutants in 
which the flavin was bound noncovalently (31). Without the 
arginine mutant, it was shown that while fumarate reductase 
activity was only slightly affected, the ability of the enzyme 
to catalyze succinate oxidation was decreased to 2% of the 
wild-type capability. Our results now show simultaneously 
that (a) flavocytochrome c 3 has an extremely low relative 
activity for succinate oxidation (optimized rates are 3-4 
orders of magnitude lower than for fumarate reduction) and 
(b) the reduction potential EFAD  (-152 mV at pH 7.0 and 
24 °C) is significantly more negative than in the other 
fumarate reductases, thus upholding the hypothesis for the 
role of covalent binding in modulating FAD redox activity. 
We next consider the effect that pH has on the underlying 
energetics. Above pH 6.5, the reduction potentials of both 
the FAD and fumarate have the same pH dependence, i.e., 
that of a 21 ­1, 2e transfer (24). The fact that the rate of 
catalysis of fumarate reduction decreases significantly as the 
PH is raised therefore suggests that transfer of reducing 
equivalents from FAD to substrate is not rate-determining. 
By contrast. and as is evident from Figure 4, increasing the 
PH causes the FAD to become an increasingly poorer 
electron acceptor (but better electron donor) relative to the 
heme groups. The change in energetics is fully consistent 
with the catalytic trends in either direction i.e., succinate 
oxidation rates increase, whereas fumarate reduction is 
retarded, and strongly implicates intramolecular electron 
transfer as a decisive factor in the mechanism. This can be 
kinetic, i.e.. transfer of electrons between FAD and hemes 
possibly being the rate-determining process, or thermody-
namic, with redox equilibria being maintained throughout 
catalysis by fast intramolecular electron transfer. 
FIGURE 8: Scheme showing the various equilibria invoked in the 
reduction of fumarate by flavocytochrome c3 . Shaded species sho 
the FAD active site poised to reduce fumarate or oxidize sucetnaic 
Vertical steps indicate substrate/product binding and the two-
electron flavin reduction. Protonation equilibria and the rcicant 
equilibrium constants are shown horizontally. The measured values 
are in boxes and the constraints in italics. 
Three pK values are revealed in this study, two kinetic 
pK values (7.43 for fumarate reduction and 8.59 for succinaic 
oxidation) and one determined from voltammetry (pK0 
6.5), which is associated with an ionization close to the 
oxidized FAD. These measured values have been incorpo-
rated into a scheme for the various equilibria involved in 
the fumarate reduction (Figure 8). An explanation for these 
ionizations and their roles in the catalytic activity require ,,  
consideration of the likely structure of the active site. 
It has previously been proposed from sequence comparison 
studies that the main residues involved in the catalysis of 
fumarate reduction are Arg381 and Arg554 along with 
His365 (5). In the suggested mechanism, the two argininc 
residues were cited as binding sites for the carboxylate groups 
of fumarate. The histidine, however, was postulated to be 
the key residue for catalysis. Histidine is commonly found 
to be an important catalytic residue within this family of 
enzymes (32). There are also two conserved aspartate 
residues at positions 197 and 205. Several groups of enzymes, 
including serine proteases and thermolysin, have been found 
to contain His-Asp pairs, rather than a single histidine (33). 
This ion pairing has the effect of shifting the pKa of the 
hist.idine to around 7.5. In addition, in many Ilavin-dependent 
2-a-hydroxy acid dehydrogenases, the imidazole nng is held 
in a fixed orientation over the flavin group (34). It has also 
been noted previously that fumarate reduction and succinate 
oxidation should show opposite pH dependencies with a 
single histidine acting as a general acid or base catalyst (35). 
A model for the active site of flavocytochrome c- which 
is consistent with the experimental data is shown in Figure 
9. Here, the active-site base is His365 and the imidazole ring 
of this residue is stacked over the flavin group so that their 
acid—base properties are tightly coupled. Above pH 6.5. 
addition of two electrons to the FAD is accompanied by the 
net uptake of two protons, one of which is bound directly to 
the ring to give an anionic hydroquinone (36) and the other 
Rcdox Properties of F1avoc 	hronte 
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FIGURr. 9: Proposed scheme indicating the electroneutrality of the 
flavin-histidine pair. In the reduced flavin, the anion at NI is 
stabilized by an imidazolium ion on His365. Transfer to fumarate 
of a hydride ion from flavin N5 and a proton from His365 results 
in a neutral flavin-histidine pair and the formation of succinate. 
to His365. The pK of 6.5 can be most easily he attributed to 
protonation of the histidine in the FAD-oxidized state so that 
two-electron reduction of the FAD below pH 6.5 is ac-
companied by uptake of just one proton. The ring-stacking 
arrangement would also ensure the strongly coupled delivery 
of both a hydride and a proton to fumarate since removal of 
either one would result in an unstabilized charge. 
Confirmation of the role of His365 in both the thermo-
dynamic and catalytic properties of the enzyme is currently 
under investigation by construction and characterization of 
a range of mutants. The decrease in fumarate reductase 
activity on the replacement of the equivalent histidine in E. 
coli fumarate reductase. His232Ser. has already demonstrated 
the crucial role of this residue in the catalytic cycle (28). 
The redox characterization of analogous flavocytochrome c3 
mutants, in the absence of fumarate reductase acuvity, will 
reveal whether protonation of this residue does indeed affect 
the flavin reduction potential. 
In conclusion, we have shown that protein film voltam-
metry is a useful technique for probing the thermodynamic 
and kinetic features of flavocytochromc C3 and is particularly 
important in determining the FAD redox properties which 
are otherwise obscured. It can clearly be seen that. ('or this 
enzyme, results determined with the protein adsorbed onto 
a solid electrode are comparable to those obtained in the 
solution phase. A mechanism for the reduction of fumarate, 
the primary reaction of the enzyme. has been proposed on 
the basis of the kinetic data presented and is currently under 
investigation. 
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ABSTRACT: Flavocytochrome P-450 BM3 from Bacillus megaterium is a 119 kDa polypeptide whose heme 
and diflavin domains are fused to produce a catalytically self-sufficient fatty acid monooxygenase. Redox 
potentiometry studies have been performed with intact flavocytochrome P-450 BM3 and with its component 
heme, diflavin, FAD, and FMN domains. Results indicate that elctron flow occurs from the NADPH 
donor through FAD, then FMN and on to the heme center where fatty acid substrate is bound and 
monooxygenation occurs. Prevention of futile cycling of electrons is avoided through an increase in 
redox potential of more than 100 mV caused by binding of fatty acids to the active site of P-450. Redox 
potentials are little altered for the component domains with respect to their values in the larger constructs, 
providing further evidence for the discrete domain organization of this flavocytochrome. The reduction 
potentials of the 4-electron reduced diflavin domain and 2-electron reduced FAD domain are considerably 
lower than those for the blue FAD semiquinone species observed during reductive titrations of these 
enzymes and that of the physiological electron donor (NADPH), indicating that the FAD hydroquinone 
is thermodynamically unfavorable and does not accumulate under turnover conditions. In contrast, the 
FMN hydroquinone is thermodynamically more favorable than the semiquinone. 
The cytochromes P-450 are a diverse group of hemopro-
teins which catalyze a plethora of oxidative reactions in 
organisms from all known Phyla. Indeed, the discovery of 
a P-450 in a member of the archae indicates that the P-450s 
occurred very early in evolution (Wright et at.. 1996). The 
vast majority of these reactions result from the insertion of 
a single atom of molecular oxygen into organic substrates, 
with the other atom converted into water. Electron equiva-
lents are supplied by NAD(P)H via different redox partners. 
Class I (or B) type P-450s are usually reduced by an iron 
sulfur protein (ferredoxin), which receives electrons from 
an FAD-containing ferredoxin reductase. These systems are 
typified by bacterial forms (hence B-type). the most inten-
sively studied form being the camphor hydroxylase (P-
450cam) from Pseudomonas putida (Poulos et at., 1987). 
Class II (or E-type) P-450s are reduced by a diflavin (FAD-
and FMN-containing) NADPH-cytochrome P-450 reductase 
(Munro & Lindsay, 1996). These systems are typified by 
the liver microsomal enzymes involved in mammalian drug/ 
steroid metabolism. Certain mammalian members of this 
class are also implicated in activation of carcinogens 
(Guengench, 1988). Obvious advantages exist for the 
application of specroscopic studies to the bacterial P-450s 
over the eukaryotic class H forms. Firstly, the problems of 
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protein purification and gene isolation/overexpression are 
simplified for the soluble prokaryotic forms. In addition, 
problems exist with the maintenance of the membranous 
forms in suspension at sufficiently high concentration. 
The identification of a soluble bacterial class II P-450 by 
the group of Armand Fulco at UCLA (Narhi & Fulco. 1986) 
has provided an attractive model system for the mammalian 
systems. P-450 BM3 from Bacillus megaterium is expressed 
naturally at high levels and is a fusion protein, comprised 
of the components of the class H system joined in a 
continuous polypeptide by a short hydrophilic linker chain 
(Munro et at., 1994). The gene encoding P-450 BM3 
(c'p102) has been cloned and overexpressed in Escherichia 
coli, as have the genes encoding its component heme and 
diflavin domains (Narhi & Fulco, 1987; Miles et at., 1992), 
facilitating the production of protein in large quantities for 
studies with a variety of biophysical techniques. 
Electron flow to the heme iron in P-450cam is known to 
be controlled by a camphor-dependent increase in the redox 
potential of the heme iron, previously measured as —303 
mV (substrate free) to —173 mV (camphor bound) (Sugar 
& Gunsalus, 1976) and more recently as —330 mV to —163 
mV (Martinis et al.. 1996). Removal of water molecules 
from the environment of the heme (most notably the water 
which provides the sixth ligand to the iron in the resting 
state) accompanies binding of camphor and the resultant 
change in spin-state and local dielectric constant underlies 
the large increase in reduction potential seen. The camphor-
bound potential is higher than that of the redox partner 
(putidaredoxin at —240 mV), and electron transfer to the 
heme can occur. This elegant control system prevents futile 
cycling of electrons. Binding of dioxygen follows single 
electron reduction of the heme iron and leads to the formation 
of the ferrous —dioxygen intermediate [best described as 
superoxide attached to ferric iron (Mueller et at., 1995)]. 
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This high-potential species is further reduced rapidly by a 
second electron to form the unstable high valency ferryl 
iron-oxygen center which is responsible for the cleavage 
of the dioxygen bond. A single atom of oxygen is inserted 
into the substrate, with the other atom reduced to water. 
P-450 BM3 provides an elegant system for the analysis 
of redox control of catalysis in a class II P-450 system. In 
this manuscript, we present potentiometric data collected for 
intact P-450 BM3 and for each of its component domains 
(heme [P-450], diflavin freductase], FAD and FMN). Studies 
on the isolated domains (particularly the flavin-containing 
domains) are vital for the deconvolution of complex visible 
spectroscopic changes, which for the holoenzyme, may result 
from contributions from three different chromophores. The 
analysis of the effect of substrate binding to the heme domain 
on the reduction potential of this center is important for the 
understanding of the means by which electron transfer from 
the flavins is controlled. Data presented here permit the 
construction of a pathway for electron flow through the entire 
flavocytochrome enzyme. 
EXPERIMENTAL PROCEDURES 
E. coli Strains and Plasmid Vectors. E. coli strain TG 1 
[supE, hsdM, thi, A(lac-proAB), F' [traD36, proAB, 
!acZ,M 1511 was used for all cloning work and for overex-
pression of intact P-450 BM3 and its component diflavin 
and heme domains. Strain BL2I (DE3) (hsdS, gal, [2c1ts857, 
mdl. Sam7, nmn5, lacUV5-T7 gene I]) was used for 
overexpression of the FAD- and FMN-containing domains 
of P-450 BM3. The preparation of constructs for the 
overexpression of intact P.450 BM3 (construct pBM25) and 
of its component diflavin (reductase, initiating methionine 
and residues 473 to the end: construct pBM27) and heme 
(P-450, residues 1-472; construct pBM20) domains has been 
presented in previous publications (Miles et al., 1992, Munro 
et al., 1996). The preparation of constructs encoding the 
FAD (residues 654-1048) and FMN (471-664) domains 
has also been outlined in a recent publication (Govindaraj 
& Poulos, 1997). In all cases, expression is from inducible 
promoters (lac for intact P-450 BM3 and heme domain, tac 
for diflavin domain, and 77 for FAD and FMN domains). 
Enzyme Preparations. Intact cytochrome P.450 BM3 and 
its component heme and diflavin domains were purified as 
outlined previously (Miles et al., 1992). IFTG addition (500 
ug/mL final concentration) was made to cultures grown at 
37 °C in Terrific Broth at an O.D. at 600 nm of ap-
proximately 1.0. Thereafter, the temperature was decreased 
to 30 °C and culture was continued for another period of 12 
h. A final gel filtration step (Sephacryl S-300}{R) was used 
to remove minor contaminating protein species. PMSF (I 
mM) and leupeptin (1 mM) were added to all buffers to 
minimize proteolysis. Overexpression of the FAD and FMIN 
domains was carried out as described previously (Govindaraj 
& Poulos, 1997). The FAD domain was purified in identical 
fashion to intact P-450 BM3 (ion exchange chromatography 
on DEAE-Sephacel followed by affinity chromatography on 
2'5'-ADP sepharose), with the exception that an initial 
0-60% ammonium sulfate pellet of the E. coil transformant 
extract was used as a starting point for the purification (rather 
than a 30-60% pellet for intact P-450 BM3). The FMN 
domain was prepared essentially as described previously  
(Govindaraj & Poulos, 1997), again using a 0-60% am-
monium sulfate pellet as the starting point for the purification 
and performing successive steps of ion exchange chromo-
tography (DEAE Sephacel: loaded in buffer A (50 mM Tris-
HC1. pH 7.3) and eluted with a linear gradient of 0 to 500 
mM KC1 in the same buffer) and gel filtration' (Sephacryl 
S-100HR, column size approx. 2 cm x 1.5 m, buffer A). 
All proteins were stored at —20 °C after dialysis into a 500x 
volume of buffer A containing 50% glycerol and protease 
inhibitors, and used within I month of manufacture. 
Potentiometric Tirrations. All redox titrations were con-
ducted within a Belle Technology glovebox under a nitrogen 
atmosphere, with oxygen maintained at less than 5 ppm. 
Degassed, concentrated enzyme samples were passed through 
an anaerobic Sephadex G25 column (1 x 20 cm) (Sigma) 
immediately on admission to the glovebox, thereby removing 
all traces of oxygen. The column was equilibrated and 
enzyme eluted with 0.1 M phosphate buffer, pH 7.0, which 
was used throughout this experimental procedure. Enzyme 
solutions were titrated electrochemically according to the 
method of Dutton (1978) using sodium dithionite as reductant 
and potassium ferricyarnde as oxidant. Mediators were 
introduced prior to titration, typically 5 1uM 2-hydroxy- 1,4- 
napthaquinone,  1 1tiM benzyl viologen. and I uM methyl 
viologen (Sigma) within sample volumes of 3-10 mL. After 
10-15 min equilibration following each reductive/oxidative 
addition, spectra were recorded on a Shimadzu 2101 UV-
vis spectrophotometer (typically between 350 and 800 nm) 
contained within the anaerobic environment. The electro-
chemical potential of the sample solutions were monitored 
using a CD740 meter (WPA) coupled to either Pt/calomel 
or PtIAgAgCl combination electrodes (Russell pH Ltd.) at 
25 ± 2 °C. The electrodes were calibrated using the Fe"/ 
Fe° EDTA couple as a standard (+108 mV). The calomel 
and AgAgCl electrodes were corrected by +244 ± 2 mV 
and +198 ± 3 mV respectively, both relative to the normal 
hydrogen electrode. For experiments involving the flavin-
containing domains. UV—vis spectra were affected by an 
increase in baseline with time due the slow formation of a 
protein precipitate. Data collected for the FAD domain was 
affected most significantly. This was corrected for by 
transforming each spectrum with a 1/) subtraction calculated 
to return the absorbance at 800 rim back to zero (at this 
wavelength chromophore absorbance is minimal). The same 
procedure was used to correct data collected for the FMN 
and diflavin domains. All data manipulations and nonlinear 
least-squares curve fitting of electrochemistry data was 
conducted using Origin (Microcal). 
For redox titrations of the heme domain in the presence 
of substrate, the substrate was titrated into the enzyme 
solution while the change in spin state was monitored 
spectrophotometric ally. The substrates used were laurate. 
myristate, palmitate, and arachidonate (all from Sigma), 
added in microliter amounts from concentrated solutions in 
50/50 (v/v) methanollethanol. The Km values for these 
substrates are approximately 100, 15, 2, and 2 uM, respec-
tively. Substrate was added until no further change in the 
visible spectrum occurred (approx. 1 mM, 400, 300. and 300 
pM, respectively). Redox titrations of substrate/enzyme 
mixtures were conducted as described above. 
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FIGURE 2: (A) Redox titration of P-450 BM3 holoenzyme 
conducted in 0.1 M phosphate buffer (pH 7.0) at 25 ± 2 °C. 
Directions of arrows indicate absorbance decreases at 499 nm and 
increases at 567 nm during the course of the reductive titration. 
(B) Plot of absorbance versus electrode potential at 499 rim (left 
y-axis) and 567 rim (right v-axis) fitted to two-electron and one-
electron functions, respectively, as described in the Results. From 
the 499 rim. data E (FMN) = —216 ± 11 mV and E' (FMN) = 
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FIGURE 1: (A) Redox titration of P-450 BM3 diflavin domain 
conducted in 0.1 M phosphate buffer (pH 7.0) at 25 ± 2 °C. 
Directions of arrows indicate absorbance decreases at 499 rim and 
increases at 600 rim during the course of the reductive titration. 
(B) Plot of extinction coefficient versus electrode potential at 499 
nm (right 
'
v-axis) and 600 rim (left y-axis) fitted to eq 1 as described 
in the Results. From the 499 rim data. E (FMN) = —213 ± 5 mV 
and E (FMN) = —193 ± 6 mV; from the 600 rim data, E (FAD) 
= —292 ± 4 mV and E (FAD) = —372 ± 4 mV. 
RESULTS 
Potenriomerric Titrarions. Diflavin Domain. Figure IA 
shows the redox titration of the P-450 BM3 diflavin domain 
monitored by UV—vis spectrophotometry between 350 and 
800 rim. Figure lB plots the values for absorbance at 499 
and 600 rim against the potential of the enzyme solution. 
Although not strictly an isosbestic point for the FAD 
oxidizedlsemiqinone couple, inspection of Figure 3A re-
vealed that 499 am was the wavelength at which minimum 
absorbance change occurred over the —100 to —300 mV 
range in which the FMN redox change occurs. Similarly, a 
convenient wavelength at which to monitor the FAD redox 
change [from inspection of Figure 3 (panels A and b)] is 
600 nm. The absorbance vs potential data is fitted in Figure 
lB to an equation (eq 1) comprising the sum of two two-
electron redox functions designed to model the absorbance 
of a flavin passing through three different oxidation states. 
The parameters E and E were only allowed to vary in one 
of the two functions at any one time such that the values 
derived from the data at 499 nm were fixed during the fitting 
of the data at 600 nm and vice versa. Fitting was completed 
when further iterations of this procedure produced no change. 
In this way, values for the FMN reduction potentials were 
derived from the data collected at 499 nm, while values for 
the FAD reduction potentials were derived from the data 
collected at 600 nm: 
Flavin absorbance 
al0(E_59 + b + 
(1) 
i + 	+ 
where a, b. and c are the absorbance coefficients for oxidized, 
semiquinone, and reduced flavin. respectively, E is the 
electrode potential, and E, and E2 are the midpoint poten-
tials for the oxidizedlsemiquinone couple and the semi-
quinone/reduced couple. respectively. 
Values for the redox potentials of the FMN and FAD of 
the diflavin domain are collated in Table 1. While the 
potentials for the two one-electron couples of the FAD are 
well separated, this is not the case for the FMN. Here, the 
first couple (E) is more negative than the second (Es) by 
only 20 mV. Thus, the two processes appear to happen 
simultaneously and the data can be represented reasonably 
well by a two-electron function. As a result, the midpoint 
potentials derived for the individual steps may underestimate 
slightly the magnitude of the separation, although the value 
for the two-electron process remains accurate. 
Holoenzyme. Figure 2A shows the redox titration of the 
P-450 BM3 holoenzyme between 450 and 850 rim. Figure 
2B plots values for absorbance at 499 and 567 rim against 
the electrode potential. As explained in the previous section. 
499 rim is a convenient wavelength at which to observe FMN 
reduction. Since the reduction potential of the heme 














FIGURE 3: (A) Redox titration of the FAD domain conducted in 
0.1 M phosphate buffer (pH 7.0) at 25 ± 2 °C. The direction of 
the arrow indicates absorbance increases at 600 nan observed during 
the course of the reductive titration. (B) Redox titration of the FMN 
domain conducted in 0.1 M phosphate buffer (pH 7.0) at 25 ± 2 
°C. The direction of the arrow indicates absorbance decreases at 
500 nan observed during the reductive titration. (C) Plot of extinction 
coefficient versus electrode potential at 499 nan (right y-axis, FMN 
domain) and 600 nan (left y-axis, FAD domain) fined to eq 1 as 
described in the Results. From the 499 nm data, El (FMN) = 
—206 ± 13 mV and El (FMN) = —177 ± 12 mV; from the 600 
run data El (FAD) = —269 ± 10 mV and El (FAD) = —337 ± 19 
mV. 
oxidized/reduced couple is some 170 mV more negative than 
that of the FMN, it is unlikely that absorbance changes due 
to the heme will interfere with the analysis. However, the 
heme undergoes significant spectral changes at 600 nm and 
these would therefore complicate the analysis of the FAD 
reduction at this wavelength. For this reason, data recorded 
at 567 nm were used. At this wavelength, the interference 
from the heme is at its minimum. These data, primarily 
representing the reduction of FAD to semiquinone, were 
Table 1: Midpoint Reduction Potentials EL" (my)] for the Flavin 
and Heme Cofactors in P-450 BM3 and Its Constituent Domains, 
Calculated from Electrode Potential us Absorbance Data as 
Described in the Results and in Figures 1-4 
El2 	El 	El 
diflavin FAD 	—332 ± 4 —292 ± 4 —372 ± 4 
diflavin FMN —203 ± 6 	—213 ± 5 	—193 ± 6 
holoenzyme FAD 	 —289 ±4 
holoenzymeFMN —196± 5 	—216±11 	—177±11 
FAD domain 	—303 ± 15 —269 ± 10 —337 ± 19 
FMN domain —192±13 —206±13 —177±12 
heme domain 	 —368 ± 6 
heme domain + palm 	 —265 ± 7 
heme domain ± arac —239±6 
All values were derived under the conditions of 100 mM phosphate 
buffer, pH 7.0, at a temperature of 25 ± 2 °C. E 1 2 refers to F. + 2e 
Fi; E 1 refers to F0 + e 	F or H0 + e 	H; E2 refers to F,q 
+ e 	(F flavin, H heme, e 	electron, ox oxidized. sq 
semiquinone, red reduced, palm palmitale, arac arachidonate). 
FAD Domain and FMN Domain. Figure 3 (panels A and 
B) shows the redox titration of the FAD and FMN domains 
of P-450 BM3, monitored by UV—vis spectrophotometry 
between 350 and 800 nm. Figure 3C plots the values for 
the absorbance at 499 and 600 nm against the potential of 
the enzyme solution. These values were chosen to be 
consistent with the data presented for the diflavin domain 
and holoenzyme; although, in these single-cofactor domains 
there are none of the complicating factors described for the 
multidomain enzymes. Both data sets were fitted as two 
electron redox processes utilizing eq 1. The values for the 
FMN domain are consistent with this being the higher 
potential flavin and appear to be perturbed little by the 
separation of this domain from the FAD and heme domains, 
i.e., the two-electron process is only 11 mV higher than in 
the diflavin domain. Analysis of the data for the FAD 
domain was complicated by the propensity of the enzyme 
to form precipitate over the course of the experiment, 
especially at low potentials. For this reason, the quality of 
these data is less good. However, it is clear that the FAD is 
the low-potential flavin identified in the cliflavin domain, with 
a stabilized blue semiquinone. 
500 
?.(nm) 
600 	 700 
400 	 500 	 600 	 700 
?. (nm) 
fitted to a single-electron function. Reliable data beyond a 
value of —320 mV could not be obtained due to instability 
of the potential measured. This may reflect the reaction of 
dithionite breakdown products with the holoenzyme. This 
phenomenon is currently under further investigation. There-
fore, it was not possible to estimate accurately the reduction 
potential of the holoen.zyme FAD semiqinone/reduced couple. 
However, an estimate could be obtained for the FAD 
oxidized/semiquinone couple, which is the same, within error, 
as the value obtained for the diflavin domain. Both reduction 
potentials were obtained for the FMN from the data collected 
8 	 at 499 run. These are also essentially the same as the values 
o 	 for the diflavin domain. In both data sets plotted in Figure 
2B, fit ranges were chosen to minimize the influence of the 
6 
 j 	other redox centers. That is, it is clear that in the 499 nm 
data that a small absorbance increase due to partial reduction 
4 M 	of the heme occurs at potentials lower than —270 mV. This 
is excluded from the fitting process. Similarly, a small 
2 	absorbance decrease is observed in the 567 nm data at 
potentials above —200 mV due to reduction of the FMN. 
This is also observed in the diflavin domain (see Figure IB), 
0 	 where it has been comnensated for in the fitting nrne 
-500 	-400 	-300 	-200 	-100 	0 	100 	200 	300 
mV (vs NHE) 
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FIGURE 4: (A) Spectra of the P-450 BM3 heme domain (i) oxidized 
(dashed line), (ii) reduced (dotted line), (iii) oxidized + pairnitate 
(thin solid line), (iv) + arachidonate (thick solid line). (B) Redox 
titration of P-450 BM3 heme domain in the presence of palmitate 
conducted in 0.1 M phosphate buffer (pH 7.0) at 25 ± 2 °C. Trace 
i is the oxidized palmitate-free heme domain and trace ii is the 
oxidized palmitate-bound heme domain. In subsequent traces, 
progressive reduction of the palmitate-bound heme domain by 
titration with sodium dithionite results in the formation of the fully 
reduced henie domain (iii) with absorbance maximum at 407 nm. 
(C) Plot of percentage reduced heme versus electrode potential for 
the substrate-free (no substrate) palmitate-saturated (+palmitate) 
and arachidonate-saturated (+arachidonate) forms of the heme 
domain, fitted to single electron redox functions with values for g 
of —368 ± 6, —265 ± 7, and —239 ± 6 mV, respectively. 
Hemes. Figure 4A shows the spectra of four different 
heme states: oxidized, reduced, oxidized/saturated with 
arachidonate, and oxidized/saturated with palmitate. The 
redox titrations described here represent the conversion of 
each of the three oxidized states into the universal reduced 
state. Figure 413 illustrates one of these titration s (oxidized/ 
saturated with palmitate to reduced). Figure 4C plots the 
percentage reduced heme, calculated by integrating difference 
spectra of the reduced/oxidized samples between appropriate 
wavelengths, against electrode potential. All data were fitted 
to simple one-electron Nernst equations, parameters from 
which are contained within Table 1. In the absence of fatty 
acid substrate, the heme has a very negative potential (-370 
mV) which is significantly lower than that of the initial 
electron source NADPH (-320 mV) and therefore essentially 
out of reach. Addition of substrate to the heme results in a 
shift in redox potential greater than +100 mV, bringing it 
well within range. However, it is also apparent that the shift 
induced by arachidonate is larger than that due to palmitate 
(129 us 103 mV). This seems to correlate with the larger 
spectral change induced by arachidonate, indicating that a 
greater proportion of heme is pushed into the high-spin form 
(see Figure 4A). 
DISCUSSION 
This is the first manuscript in which the reduction 
potentials for all redox couples of an entire class II (E class) 
cytochrome P.450 system have been determined. The data 
presented indicate that control of fatty acid oxidation and 
prevention of futile cycling of electrons from NADPH is 
exerted at the level of binding of the fatty acid substrate, 
such that dehydration of the active site and conversion of 
the heme iron from a low-spin to a high-spin form is 
accompanied by a large increase in redox potential [possibly 
> 130 mV for a substrate-saturated active site, since even 
arachidonate (129 mV increase) may not induce a 100% pin-
state shift]. This permits electron flow to occur to the Weme 
iron and for subsequent steps including oxygen associà'tion 
and second electron transfer to the much higher potential 
ferrous—oxy intermediate to be completed rapidly while, the 
substrate is enclosed in the active site. It is interesting to 
note that both NMR and X-ray crystal structure data are in 
agreement and indicate that substrate association is initially 
at too great a distance from the heme iron for oxidation,but 
that reduction of the heme iron facilitates structuraYchánge 
and the movement of substrate proximal to the heme (Modi 
et al., 1996; Li & Poulos, 1997). 
The measured reduction potentials for the FAD and FMN 
coenzymes in all states are very similar for the holoenzyme, 
diflavin domain, and individual FAD and FMN domains. 
These data indicate that little perturbation in the environments 
of the flavins occur as genetic scission is used to express 
constructs of single and double domains of flavocytochrome 
P-450 BM3, which appears to be comprised of three major 
polypeptide domains. The forthcoming atomic structure of 
a eukaryotic cytochrome P450 reductase indicates that the 
FAD and FMN in this enzyme are in close proximity and 
that direct electron transfer between the two (as opposed to 
a proteinaceous electron transfer pathway) is most probable 
(Kim et al., 1996). Given the apparent lack of effect on 
redox couples in the distinct FAD and FMN domains 
compared with BM3 diflavin domains, it might be the case 
that the two flavins are more spatially separated in the BM3 
reductase than is the case for the eukaryotic forms. The fact 
that the spliced domains retain very similar redox factor 
characteristics is further evidence that P-450 BM3 has been 
formed from the fusion of at least three genes encoding a 
hemoprotein P-450 (heme domain), an NADPH-binding 
reductase (FAD domain), and a flavodoxin-like protein (FMN 
domain) (Porter, 1991). These data identify the high- and 
low-potential flavins of P-450 BM3 as the FMN and FAD, 
respectively. This is the same situation as for the mammalian 
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mV (FAD) and —203 mV (FMN), the midpoint potentials 
for the two-electron reduction processes of the diflavin 
domain are very similar to those values reported for the 
mammalian reductase (-328 and —190 mV, respectively). 
However, while the midpoint potentials for the two single-
electron flavin reduction processes are similar for the FADs 
of the BM3 reductase domain and the mammalian reductase 
(Ec = —292 and —290 mV, and E —372 mV and —365 
mV, respectively), the two single-electron potentials are 
much closer for the FMN in the BM3 reductase than for the 
mammalian form [El = —213 and —110 mV, and E2 = 
—193 and —270 mV, respectively (lyanagi et at., 1974)]. 
Recently, quantitation by EPR of the blue flavin semi-
quinone signal observed on reduction of substrate-free P-450 
BM3 holoenzyme or diflavin domain by NADPH showed 
there to be a single flavin semiquinone per molecule in 
NADPH-reduced BM3 holoenzyme and reductase domain, 
indicating that the NADPH is capable of reducing the diflavin 
domain of the enzyme only as far as the three electron form 
(Munro et al., 1996). The positive reduction potential 
difference in the semiquinone/hydroquinone couple for the 
FMN domain indicates that the hydroquinone form of this 
coenzyme is more thermodynamically favorable than is the 
semiquinone, in agreement with recent results from kinetic 
and titration studies (Govindaraj & Poulos, 1997; Sevri-
oukova et at., 1996). By contrast, the midpoint reduction 
potential of the diflavin domain FAD semiquinonefhydro-
quinone couple is considerably more negative than that of 
both the FAD oxidized/semiquinone couple and of NAI)PH 
itself. Clearly, the blue semiquinone observed resides on 
the FAD of P-450 BM3. These data are slightly surprising 
in view of the facts that the FMN domain is a flavodoxin-
like polypeptide (Porter, 1991) and that the flavodoxins 
normally stabilize a (neutral) blue semiquinone form of their 
FMN. In P-450 BM3, it is the FAD and not the FMN which 
forms the blue semiquinone. Indeed, recent studies in this 
laboratory with E. coli flavodoxin and flavodoxin reductase 
[which have been reported previously to mimic the activity 
of eukaryotic P-450 reductase by supporting the activity of 
mammalian P-450s (Jenkins & Waterman, 1994)] indicate 
that it is the flavodoxin of this pair which stabilizes a blue 
semiquinone species (unpublished data). 
Anaerobic reductive titrations of substrate-bound and 
substrate-free forms of the heme domain of P-450 BM3 yield 
spectra that are distinctly different from both those of the 
substrate-bound and substrate-free oxidized forms of the 
enzyme and from that of the aerobically dithionite-reduced 
substrate-free form. The absorbance maxima of the Soret 
band in these anaerobically reduced species are located at 
approximately 407 nm. Aerobic reductions of substrate-free 
heme domain generally result in a spectrum in which the 
Soret band is little moved from its position at around 419 
rim, perhaps decreasing a little in intensity. Clearly, full 
reduction of the substrate-free heme is not achieved aerobi-
cally, likely due to rapid reduction of oxygen and/or sulfite 
(generated from dithionite) by the Fell heme. The heme 
will thus return rapidly to the Fe 3l  form, and an equilibrium 
will be formed in which the majority of heme at any time is 
in the oxidized form. On bubbling of carbon monoxide into 
dithionite-treated heme domain, however, the P-450 product 
is soon formed, since this equilibrium is pulled over to the 
reduced form by continual extraction of the Fe" heme 




FIGuIn 5: Comparison of the individual reduction potentials for 
FMN, FAD (both from the diflavin domain), and the heme of the 
heme domain both before and after saturation with palmitate (palm) 
and arachidonate (arac). 
It is notable that certain fatty acid substrates of P-450 BM3 
give markedly higher kcat values than do others, e.g., 
arachidonate is oxidized at approximately 3-4 times the rate 
that laurate is. The order of increasing magnitudes of kcaL 
values for the different substrates of P-450 BM3 is broadly 
in line with the decreasing order of their Km values. A logical 
extension of these data would be that catalytic rate for P-450 
BM3 would be related to the ability of the different substrates 
to either saturate the active site of the protein or induce high 
levels of the low-spin to high-spin transition, with the latter 
explanation perhaps being the more likely. Clearly, many 
substrates (e.g., laurate) do not induce full spin-state conver-
sions at saturating levels. As can be seen in Figure 4A (iv), 
the absorbance of the near-fully-high-spin heme (arachido-
nate-induced) is one in which the Soret band at approximately 
390 nm is of very similar magnitude to that of the the 
oxidized substrate-free band at 419 rim. Previously reported 
spectra for fatty acid-bound heme domain of P-450 BM3 
[e.g., lauric acid (Modi eral., 1995)] show only partial high-
spin heme conversion. The use of transient kinetics to study 
the effect of different substrates on the microscopic rate 
constants of P-450 BM3 indicates that electron transfers 
through the flavins are unaltered, but that rates of electron 
transfer to the heme iron (as measured by the rate of 
formation of the ferrous—carbon monoxide adduct at 450 
rim) are markedly affected by different substrates (e.g., first-
order rate constants for laurate of approx. 130 s and 
myristate of approx. 220 s') (Munro et al., 1996). Clearly, 
ability of substrates to convert P-450 BM3 heme to the high-
spin form is key to catalytic efficiency. 
The data presented here clearly demonstrate the electron 
transfer pathway through the coenzymes of flavocytochrome 
P-450 BM3 (Figure 6). Hydride transfer from NADPH is 
the first step in the electron transfer pathway and results in 
the transient formation of an FAD hydroquinone. This 
species is thermodynamically unfavorable and transfers 
electrons to the much higher potential FMN, the hydro-
quinone of which is thermodynamically favored over the 
semiquinone. Electron transfer from FMN hydroquinone to 
the heme cannot occur in the absence of fatty acid substrate. 
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Ficuan 6: A schematic representation of the catalytic cycle of P-450 
BM3. Electrons are represented as black circles. Hydride transfer 
from NADPH results in transient formation of FAD hydroquinone. 
This is unstable and, since the potential of both FMN semiquinone 
and hydroquinone are more positive than those of their FAD 
counterparts, electrons are transferred to the FMN. Electron transfer 
from FMN to heme cannot occur until substrate (SH) is bound. 
Thereafter, one electron is transferred to form ferrous heme, which 
binds dioxygen. A second electron is passed to this high-potential 
species, and rapid oxygenation of substrate ensues. Dissociation 
of oxygenated substrate (SOH) regenerates the oxidized resting-
state P-450. 
Under aerobic conditions, substrate-free P-450 BM3 cata-
lyzes electron transfer to oxygen at rates of around 2 min. 
The constituent diflavin domain catalyzes the process with 
a similar rate, indicating that this low rate of electron leak 
is mediated by the flavin coenzymes (Munro et al., 1995). 
Gating of electron transfer to the catalytic center occurs by 
a fatty acid substrate-modulated increase in heme reduction 
potential, elevating the midpoint potential of the heme to a 
point at which electron transfer from the FMN becomes 
feasible. It should be remembered that, although the heme 
midpoint reduction potential value measured in the presence 
of a good substrate (arachidonate) is only of similar 
magnitude (slightly lower), to that of the FMN semiquinone 
and hydroquinone, this value represents an "average" po-
tential for all low-spin and high-spin molecules in the 
mixture. As discussed above, even arachidonate does not 
convert the enzyme to a completely high-spin state, although 
an increase in midpoint reduction potential of 129 mV was 
observed for a saturated solution of the fatty acid. The 
midpoint reduction potential for a 100% high-spin heme 
population is likely to be slightly higher than that measured 
and possibly above those of the FMN semiquinone and 
hydroquinone. Notwithstanding this, it is obvious that the 
midpoint reduction values for FMN and high-spin heme are 
sufficiently similar that rapid equilibration of electrons will 
occur and that a significant proportion of the heme will be 
reduced by the FMN in substrate-bound P-450 BM3. On 
single-electron reduction, the ferrous heme iron will bind 
oxygen and this high-potential intermediate will be further 
reduced rapidly with a second electron from FMN. Thus, 
the first electron transfer can be considered as initiating an 
essentially irreversible chain of events which lead to substrate 
monooxygenation (Figure 6). In the presence of good 
substrates, tightly coupled oxidation of fatty acid occurs with 
rates usually well in excess of 1000 min. Indeed, for 
palmitate a rate of 4600 min has been reported (Narhi & 
Pub, 1986). 
It is well-known that preincubation of fatty acid-free P-450 
BM3 with NADPH leads to time-dependent decreases in the 
hydroxylase activity of the enzyme (Narhi & Fulco, 1986). 
It is possible that a time-dependent conformational change 
occurs on prolonged incubation with NADPH such that 
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electron transfer to the heme domain is diminished. More-
over, addition of fatty acid (laurate) to P-450 BM3 stimulates 
cytochrome c reduction through the diflavin domain, and 
enhanced flavin fluorescence has been reported on fatty acid 
binding to P-450 BM3 (Murataliev & Feyereisen, 1996). 
These data suggest that fatty acid binding may induce 
conformational alteration in the diflavin domain of P-450 
BM3, a process possibly involved in regulation of catalysis. 
Another possible regulatory mechanism may be via modula-
tion of flavin reduction potential(s) by bound NADP(H), as 
suggested recently by Murataliev etal. (1997). It is possible 
that, subsequent to hydride transfer from NADPH to the FAD 
of P-450 BM3, the bound NADP stabilizes a two-electron-
reduced species with both FAD and FMN in the semiquinone 
state, through ionic interaction of NADP with an FAD 
anionic semiquinone. These authors postulate that this 
situation is achieved through the elevation of the midpoint 
potential of FAD when NADP is bound; a similar situation 
to that observed previously with the FAD proteins adreno-
doxin reductase (Lambeth & Kamin, 1976) and cytochrome 
b5 reductase (lyanagi, 1977). Such a phenomenon may 
explain how P-450 BM3 avoids the accumulation of an 
inactive three-electron-reduced form on reaction with NAD-
PH. The relatively slow buildup of this inactivated form 
may occur only after dissociation of NADPI and the binding 
and electron transfer from a second molecule of NADPH 
(Murataliev et al., 1997; Munro et al., 1996). The possibility 
that NADP binding may modulate flavin potentials in P-450 
BM3 is under investigation in this laboratory. Clearly, the 
electron transfer through P-450 BM3 is elegantly controlled 
by the redox properties of its coenzymes. Conformational 
as well as redox control mechanisms may also prove 
important. 
In this manuscript, we have used redox potentiometry to 
identify clearly the pathway of electron transfer though P-450 
BM3. The data obtained not only confirm that a substrate-
dependent reduction potential increase underlies control of 
the fatty acid oxidation, but also provide evidence for the 
discrete multidomain structure of the enzyme. In addition, 
we now have important references for the comparison of the 
redox properties of mutant enzymes. This will be of 
particular importance in the analysis of active site alterations, 
such as the spin-state perturbations caused by mutagenesis 
at residue W96 (Munro et al., 1994). Our current studies 
are directed towards characterisation of such mutants. 
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